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Foreword 


On May 15-18, 1961, the 12th Annual Symposium on Spectros¬ 
copy was held in Chicago. Over the twelve-year history of this 
meeting, it has continually grown and now ranks as one of the major 
technical meetings in the field of spectroscopy. 

The scope of the program itself represents a balance between 
research applications and control applications, between applied and 
the more fundamental aspects of spectroscopy. Papers are presented 
each year in the specialty areas of X-ray, ultraviolet, visible, infrared, 
Raman, EPR, and NMR spectroscopy. 

In many instances over the years, excellent work has been re¬ 
ported at this symposium and no further publication was made. 
These reports were then essentially lost for further reference. It is 
the purpose of this publication to provide a source of reference for 
the papers presented at the 12th Annual Symposium. 

This first attempt at publishing a proceedings does not include 
the entire program. Several papers could not be given company clear¬ 
ance for publication, and several more were intended for verbal 
presentation only and were never written for publication. 

I, as Coordinator of the Symposium, would like to express my 
gratitude to the Symposium Committee, John Ferraro, Elwin Davis, 
Joseph Ziomek, John Kapetan, L. S. Gray, Jr., Russell J. Hansen, 
J. A. Sheinkop, L. V. Azaroff, and Carl Moore, whose diligence and 
labor resulted in a truly fine symposium, and subsequently made pos¬ 
sible this publication. 


William D. Ashby 
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X-ray Spectroscopy 




X-ray Spectrometric Determination 
of Thorium in Purified Uranium Materials 

G. R. Blank and H. A. Heller 

National Lead Company of Ohio 
Cincinnati, Ohio 


An X-ray spectrometric method for the determination of thorium in 
a variety of purified uranium materials is presented. The thorium is sepa¬ 
rated from the uranium prior to X-ray determination by a 2-thenoyltrifluoro- 
ace ton e-xylene extraction. An acid solution of the reextracted thorium is 
irradiated in a 100-kv X-ray spectrograph after the addition of strontium 
as an internal standard. A statistical study indicates a limit of error of 
±7.7 ppm over the concentration range from 100 to 1000 ppm of thorium. 


INTRODUCTION 

In the production of purified uranium materials, thorium is a 
common and important contaminant whose concentration must be 
routinely determined. Prior to approximately two years ago, thorium 
had been determined at this laboratory by chemical (gravimetric and 
colorimetric) methods [ X ' 3 L 

A satisfactory X-ray spectrometric method for the determina¬ 
tion of thorium in uranium concentrates [ 4 ] was then developed and 
has since been in routine use. This method, based on the irradiation 
of dry-powder sample preparations, has been very satisfactory for 
the determination of thorium in concentrations greater than 1000 
Ppm ’ 

A need existed, however, for an X-ray method capable of de¬ 
tecting and quantitatively determining thorium in the concentration 
range from 1000 ppm down to at least 100 ppm, because this is the 

This work was performed under Atomic Energy Commission Contract No. AT(30-1)- 
1156. 
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Fig. 1. Goniometer end” of spectrometer, showing control panel and electronic cir¬ 
cuit panel. 

range of thorium concentrations normally encountered in purified 
uranium materials. 

INSTRUMENTATION 

The instrumentation, used both in the preliminary investigations 
and in the subsequent routine analytical work, consists of a Norelco 
100-kv X-ray spectrograph and the usual accessory equipment. Gen¬ 
eral views of the major assemblies are shown in Figs. 1 and 2. 

The design of this instrument represents the so-called “inverted” 
geometry, in which the X-ray tube is mounted beneath the sample 
and the X-ray beam is directed upward to irradiate the bottom of 
the sample. Figure 3 shows the relationship and functions of the 
major components. 

Excitation is provided by a type FA-100 tungsten-target X-ray 
tube. The spectral dispersing element used in this work was a plane, 
single crystal of lithium fluoride. The optical path was air through¬ 
out and the X-ray detector was a multiplier phototube fitted with 
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a sodium iodide (thallium-activated) scintillation crystal. The con¬ 
ventional Norelco circuit panel was used for measuring intensities. 

EXPERIMENTAL 

Preliminary experimental work was divided into two phases: 
(l) establishment of optimum conditions for the X-ray determina¬ 
tion of thorium and (2) development, or adaptation, of a suitable 
method for the chemical separation of thorium from uranium. In 
actual analytical practice, the chemical separation would necessarily 
precede the X-ray determination. In the preliminary experimental 
work, however, the conditions of the X-ray determination were es¬ 
tablished first in order to have a means for evaluating the efficiency 
of the proposed chemical separation. 

X-ray Determination 

A decision was made at the outset to base the X-ray determina¬ 
tion on the irradiation of a solution containing the separated thorium, 


Fig. 2. Front view of spectrometer, showing sample changer, high-voltage controls, elc. 
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Fig. 3. Geometry of 100-kv X-ray spectrometer. 

rather than on a (necessarily) small solid residue. Previous experience 
indicated that the inherent homogeneity of solutions presents con- 
siderable advantages from the standpoints of precision and the ease 
with which an internal standard element may be added to the sample 
preparation. v 

. N^d-Sffitnple Cell. The type of liquid-sample holder which has 
been adopted at this laboratory, and which has been in routine use 
or some time in other X-ray spectrometric procedures [ s,e ], consists 
o a commercially available, cup-shaped polyethylene cell, l s / 4 in. 
m diameter by / 2 in. deep (Caplug, Type EC-28).* A Mylart 

r-V 0 0005 in - thlck ’, is P laced over the open end of the cell and 
secured by means of a tight-fitting polyethylene band approximately 
h >n. wide. This provides a rugged, liquid-tight, and reasonably flat 

^ in ow ' * was ^' s type of liquid-sample cell which was 
used in the present work. 

Concentration Range. It appeared desirable to determine the 
thorium in nitrate rather than in chloride solutions in order to secure 
the advantages of a lower-atomic-number matrix. These advantages 

S'Buffefoll'New^oik 8 Pr ° te0t0r8 ’ manu,actured b * Protectiv « Closures Co.. 

I^Fi^n'rT n1 ?' ZT^ CtUr&i by E ‘ L du Pont de Nemours and Company, 
lnc. t Film Department, Wilmington, Delaware. * * 
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include lower X-ray absorption and somewhat lower background in¬ 
tensities. 

An investigation was made to determine the range of thorium 
concentrations in the X-ray specimen solution which provide the best 
reproducibility and accuracy. A series of thorium nitrate solutions 
were prepared to contain thorium in concentrations ranging from 
10 to 50.00 /itg/ml. Ten-milliliter portions of each of these solutions 
were irradiated in the X-ray spectrometer (60 kv at 25 ma) and the 
intensities of the ThL ai emission were recorded. It was found that 
although concentrations as low as 40 fig Th/ml could be detected 
under these conditions, an analytical range of 100 to 1000 fig Th/ml 
was adopted because the reproducibility obtained in this range was 
better than at concentrations lower than 100 fig Th/ml. 

Internal Standard. In order to obtain the precision and accuracy 
required, the use of an added internal standard element was neces¬ 
sary. The use of a properly selected internal standard could be ex¬ 
pected to compensate for the following possible sources of error: 
(1) interelement effects which, in this case, could arise from the in¬ 
complete separation of the very large amounts of uranium in the 
original sample materials; (2) changes in volume (and therefore in 
concentration) of sample preparations resulting from evaporation 
and/or temperature changes; (3) small transfer losses or volumetric 
errors; and (4) variations in irradiation geometry, e.g., variations in 
sample placement and/or lack of flatness of cell windows. 

The use of rubidium as an added internal standard was consid¬ 
ered because of the proximity of the energy of the Rbfsf a emission 
(13.4kev) to that of Th L ai (13.0 kev). The use of rubidium, how¬ 
ever, would require a complete absence of uranium from the final 
sample solutions because the Rb K a peak cannot be resolved from the 
U L a2 peak using a lithium fluoride crystal and a 0.005-in. collimator. 

Bromine, as sodium bromide, is successfully used at this labora¬ 
tory as an internal standard for the determination of thorium in 
dry-powder preparations of uranium concentrates [ 4 ]. Brief tests 
showed, however, that bromides are not stable in nitric acid solution 
upon heating and evaporation (it was expected that it would be nec¬ 
essary to reduce the volume of the thorium-bearing aqueous phase 
to approximately 10 ml by evaporation after the chemical sepa¬ 
ration). 

The use of strontium as an internal standard for the determina¬ 
tion of thorium in solutions containing small amounts of uranium 
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has been reported by Pish and Huffman H. Although the enenrv 
relationship of the Sr K a emission (14.2 kev) to the Th L a , emission 

Sr A rTi 18 T aS f Se 38 f hat Provided b * RhK « (13.4 kev). the 
Sr K peak ,s free of spectral interference from uranium. Strontium, 

was therpf 1 l Standard Solution of SrC °3 in dilute nitric acid 
was, therefore, chosen for use as an added internal standard. 

ofstandi , rH , tT ry - analy , tiCal CUrves were P™P™d by scaling a series 

Sum ha i r ? tl0ns (10 ° t0 1000 Th/ml) to which 8tron - 

1 Sr/ml b t dded ! n varymg amounts - A concentration of 175 
fhat . as Ch0Sen because il provided a “net” intensity ratio 
(background intensity subtracted from both Th L a . and Sr jL) of 

unity a t the midpoint (500 * Th/ml) of the prated analytical 

A test showed that (Th f,« r bkg)/(Sr A a -bkg), the net intcn- 

appreciabI y affe ^ W the presence of 1000 

much Ts Son ^T7, Sample J S ° luti0n8 ’ and that the P resen ce of as 
much as 2000 pg U/ml caused a change of only 1% in the intensity 

cove-rr:" ^ ° f gravimetricaiI y standardized solutions 
ng the range from approximately 48 to 962 jug Th/ml was Dre- 

Se e addT«on *?*** the final anal ytical curve after 

m^Sr/tn r V°- ml P 0 ^ of strontium nitrate solution (1.75 
mg Sr/ml) to each standard followed by dilution to 100.0 ml 

Excitation. Operating conditions of 60 kv at 25 ma for the 

th^ 11 argC !i- ray tube were ad °Pted after it was determined 
that these conditions provided efficient excitation with reasonable 

intensities throughout the desired concentration range A tea! 

in the high - vo,tage suppiy did not 
Specimen Size. A test was conducted to determine the minimum 

a spadmen volume „f T^S 

unchanged when volumes as small as 5 ml 
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Chemical Separation 

The following methods for chemically separating small amounts 
of thorium from a uranium matrix were investigated: 

1. Precipitation of thorium as the fluoride. 

2. Selective extraction of thorium into a solution of thenoyl- 
trifluoroacetone (in xylene) followed by reextraction into 
dilute nitric acid. 

Fluoride Precipitation. Thorium may be precipitated as the fluo¬ 
ride from hydrochloric acid solution by the addition of hydrofluoric 
acid. The complete precipitation of the amounts of thorium (1 to 
10 mg) involved in the proposed X-ray method would require as long 
as three hours. 

An “accelerated” method [ 8 ] for the precipitation of ThF 4 by 
centrifugation was investigated. The volume limitations of the only 
centrifuge available for these investigations made it necessary to 
exceed the recommended concentrations of both thorium and ura¬ 
nium. Under these conditions, the recovery of thorium was incom¬ 
plete. No further efforts to separate thorium as the fluoride were 
made. 

TTA Extraction. Thorium is separated from uranium by extrac¬ 
tion into a 0.5M solution of TTA (in xylene) as a preliminary step 
in a number of analytical methods [ X ~ 3 1. This extraction is made 
from a nitric acid solution at a controlled pH, after which the organic 
phase is washed with dilute (0.1 to 0.2 M) nitric acid to remove any 
uranium which might have been carried into the organic phase. The 
thorium is then reextracted (stripped) from the organic phase into 
2 M nitric acid. Tracer studies made by Laux [ 3 1, using Th 230 , indi¬ 
cated a substantially quantitative recovery of thorium in this sep¬ 
aration. 

Slight modifications of Laux’s procedure were made in order to 
adapt the TTA extraction to the requirements of the X-ray deter¬ 
mination. The modified procedure is described below. 

A uranium sample (uranium metal, UsOa, UO 3 , etc.) of sufficient 
size to contain 1 to 10 mg of thorium is dissolved in nitric acid and 
diluted to a volume such that the uranium concentration does not 
exceed 54 g U/liter. The pH of the solution is adjusted to 1.0 =b 0.1 
and the solution is equilibrated with a 0.5A/ solution of TTA in xy¬ 
lene by shaking in a separatory funnel. A volume of TTA xylene 
equal to one-third the volume of the aqueous phase is used. The or- 
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ganic phase is then washed with a portion of 0.2A/ HNO s eaual in 

sTrinn Vf° tW t? tHat ° f thC ° rganiC Phase ‘ The thorium 2 then 
^ Pha8e by shakin 8 with two successive por- 

Zh the VOl r e ° f Cach P0rti ° n beil * ^ 10 one- 

ourth that of the organic phase. The two portions of 2.0 M HNO s 
now containing the thorium) are combined and 1.00 ml of a standard 

isXn U ev fl mt T^ Uti0n , {1 - 75 mg Sr/ml) i8 added - The so, ution 

of tTrr 40 a V ° Ume S,ight,y ,ess than 10 ml - The volume 

lvzed oTth d y 18 adjUSted t0 a PP rox * mate ly 10 ml and ana- 
lyzed on the X-ray spectrometer. 

, The X -ray specimen usually contains 300 to 500 M g U/ml, which 

Zl - T , W r er ' with "■» X "» y O^nto-uTS 

” m - Te f tS have ® hown that this amount of uranium contami¬ 
nate can be reduced to less than 50 M g U/ml by washing the 
organic phase twice, rather than once, with 0.2 M HN0 3 . However 
nasmuch as the use of the strontium internal standard apparently 
mpensates for the presence of as much as 1000 tig U/ml, the sec¬ 
ond wash ,s not used in the routine procedure 

made^o'cWk ***??- Two inde P endent studies were 

rZtV " J e effiC ‘ enCy ° f the modified separation procedure. 
In the first tes known amounts of thorium were added to each of 

was th P en n e xtlSri nU T free) "T 1 solullom - The thorium 

wHh ?he m„Zfi H reC ° m 6aCh S0luti0n in accordance 

with the modified separation procedure described above The tho¬ 
rium recoveries were determined by referring the net (X-ray) inte^ 

fromZt 10S H° b ? m ? t0 311 analytical curve which had been prepared 
2TJ h 1 r d aqUe ° US th ° rium nitrate elutions, to each of 
TddeS An averar r tb ° f Str ° ntium internal standard was 

Th“ w'lSt S t ',“ renyl "“f e «*■«<»• ww spiked wilt 
Hed trte'lHut 

- ih ~ ^ 

SUMMARY OF ROUTINE PROCEDURE 

Minor variations are necessary in order tn nut iu 
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Uranyl Nitrate Solutions (10 to 100 /xg Th/ml) 

1. Pipet a 100-ml portion of the sample solution into a 400-ml 
beaker. 

Note: The 100-ml sample is appropriate for solutions contain¬ 
ing 100 g, or less, of uranium per liter. If the uranium 
content is greater than 100 g/liter, all of the volumes 
specified in the separation procedure (other than the 
sample volume) should be doubled. 

2. Continue with “Chemical Separation and X-ray Determination.” 

Uranium Tetrafluoride (100 to 1000 ppm of thorium) 

1. Transfer 10.0 g of the sample to a platinum dish and convert 
to U 3 08 by pyrohydrolysis.) 

2. Transfer the resulting U 3 0 8 to a 400-ml beaker. 

3. Add 10 ml of HNO 3 and heat until the U 3 O 8 is dissolved. 

4. Continue with “Chemical Separation and X-ray Determination.” 

Uranium Metal, UO 3 , or U 3 0 8 (100 to 1000 ppm of thorium) 

1. Transfer a 10.0-g portion of the sample material to a 400-ml 
beaker. 

2. Add 10 ml of HN0 3 and heat until the sample is dissolved. 

3. Continue with “Chemical Separation and X-ray Determination.” 

CHEMICAL SEPARATION AND X-RAY DETERMINATION 

1. Dilute the sample solution to 300 ml with distilled water. 

2. Adjust the pH of the diluted solution to 1.0 db 0.1 using HNO3 
or NH4OH as required. 

3. Transfer the solution to a 500-ml separatory funnel. Rinse the 
beaker with 100 ml of 0.5 M solution of TTA in xylene and add 
the rinsings to the separatory funnel. 

4. Shake vigorously for 2 min. Allow the separatory funnel to stand 
for 2 min to allow the phases to separate. 

5. Draw off the bottom (aqueous) phase and discard it to a (ura¬ 
nium) salvage container. 

6. Add 200 ml of 0.2 M HN0 3 to the separatory funnel, shake 
vigorously for 2 min, and allow to stand for 2 min. 

7. Draw off the bottom (aqueous) phase and discard it to a salvage 
container. 

8. Add 25 ml of 2.0M HN0 3 to the separatory funnel* shake for 
2 min, and allow to stand for 2 min. 

9. Draw off the bottom (aqueous) phase into a 100-ml beaker. 
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11 . 


12 . 


13. 


14. 


15. 


16. 


faueous nh^ 7 ’ f 6 b ° tt0m (a ^ ueous ) P^se to the 

SetTil , - 8teP , 9 - Discard the or « anic Phase. 

tiona 75m^/°^ 10 “*° ft !? e t tandard sfontium nitrate solu- 
*®“\ ] 7 g S / } mt ° the beaker con taining the combined 
aqueous phases from steps 9 and 10 

taC™^' U pu“ ,oavolume, ' ietUy “•» “ - >> 

RinaetK 77 011 an ? tran8fer to 3 10 - ml graduated cylinder, 
mse the beaker with, small portions of distilled water,‘adding 

Szsszzr** 1 J 

J3ow^AT 1U ^ n J°, a P ° lyeth y lene sample cell and secure 

Pllce thl L'r***^ ° n thC CCU WUh 8 P 0, y eth y'ene band. 

, ' , " dow d0 ™’ in a Nore, “ — 

Set up the instrument conditions as follows- 

A-ray tube voltage. , ft , 

X-ray tube current. v 

Analyzing crystal .... ..7.™. a _ ., 

Optical path... Lithium nuonde 

X-ray detector..’..„ 

Electronic circuit panel. ..Scintillator 

Record the scaling times (to the nearest 0.05 sec) for each o^ the 
goniometer settings, as indicated in Table I. 


TABLE I 

Goniometer and Scaler Settings 


Line 


Sr bkg 
SrK a 
Th bkg 


Goniometer setting. Scaler setting, 

degrees 26 pre$et*fixed count 


24.73 

25.16 

27.08 

27.46 


64,000 

256,000 

64,000 

256,000 


Calculations 

1 • From the average scaling times, calculate the intensity ratio 
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2 . 

3. 


IR[ Th] = 


/ [Th L ai ] - / [Th bkg] 


/ [Sr K a ] -1 [Sr bkg] 

Convert the intensity ratio to thorium weight (micrograms) by 
referring to a current analytical curve or by the use of an equa¬ 
tion derived from the curve. 

Calculate the thorium concentration by referring the weight of 
thorium determined to the weight or volume of sample used 


or 


ppmTh = Af^h^termined 
sample weight (g) 

Mg Th/ml = ^ Th determined 
sample volume (ml) 

DISCUSSION 


To obtain an estimate of the precision and accuracy of the X-ray 
method, a series of ten samples of UO3 which contained a wide range 
of thorium concentrations was analyzed in duplicate, the duplicates 
being disguised and analyzed on separate days. The over-all limit 
of error (95% confidence level), computed from the differences be¬ 
tween the duplicate determinations of the ten samples, was found 
to be ±77 /xg Th in the range of 1000 to 10,000 Mg Th, or ±7.7 ppm 
Th in the range of 100 to 1000 ppm. 

Since uranium samples with established thorium values were 
not available, no data on the absolute accuracy are available. How¬ 
ever, the X-ray determinations of thorium in the ten UO3 samples 
are compared to averages of duplicate chemical determinations in 
Table II. An evaluation of the data of Table II reveals no statistical 
bias between the X-ray and chemical determinations. 


ESTIMATE OF TIME REQUIRED FOR ANALYSIS 

It is estimated that one experienced operator can prepare and 
analyze eight samples of UO3, U ;J Oa, or U metal in an 8-hr day. One 
of the above analyses would require 1 V 2 hr. The time per sample re¬ 
quired for uranyl nitrate samples is approximately 15 min less than 
that required for UO3, UaOg, or U metal. Because UF4 samples must 
first be converted to U 3 O 8 , approximately 9 hours are required for the 
preparation and analysis of eight UF 4 samples. 
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X-ray Spectrographic Analysis 
of Antimonials 

R. Bruce Scott 

Research Laboratories 
Parke, Davis 4 Co. 

Ann Arbor, Michigan 


The accurate analysis of organic (or inorganic) antimonials requires 
careful control of several important factors. Instrument variables, es¬ 
pecially the intensity of the primary radiation, are critical and must be 
monitored by use of a reliable standard. Tartar emetic, which contains 
36.5% antimony and is readily soluble in water, is a convenient stand¬ 
ard. 

If one works in solution, which is unquestionably the more accu¬ 
rate method, there may be difficulties because of low solubility. Sev¬ 
eral solvents have been used with success; dimethylformamide, a 5X 
dilution of hydrochloric acid, and IN sodium hydroxide have been the 
most useful. In some cases decomposition of the compound in a strong 
mineral acid with subsequent dilution in water is necessary. Whatever 
solvent is used, it is important that the standard solution have the same 
composition, unless an internal standard can be used. 

In the interest of conservation of limited sample quantities, small 
volumes of dilute solutions are used. Generally, the antimony concen¬ 
tration runs in the range of 1 to 2 mg/ml. One type of cell requires 
2 ml of solution; others take up to 14 ml. The most frequently used 
cell holds 5 ml and has a depth of 7.5 mm. 

The use of dry dilutions in lactose, with subsequent briquetting, 
has been investigated and can be useful where there is a real solu¬ 
bility problem. However, because of the increased time of sample prepa¬ 
ration, the more cumbersome procedure for making dilutions, and the 
uncertainties, such as particle size, introduced by the physical state of 
the mixture, this is not the method of choice. 


The analysis of organic antimonials poses no new and difficult 
problems for the X-ray spectroscopist. Recently, when an accurate 
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r:r“ a r ies ° f these com p°^s, **** ^ * 

operation were evaluated, and a rapid analysis was devised. 

of the ^Tl ferred met u d be , ginS With dissolution of a few milligrams 
to this Z m ! S K ,table SOlvent If the com P° und * not amenable 
DOwderln,h T t nqUettmg ’ either With or without dilution in a 

becaul a ° S ?: 18 n r CeSSary - TheS ° lution method is Purred 
hnrnl ■ elimination of particle-size effects and its insurance of 

lions l “iaUv^mplf PrePara “°” ° f “ 8eri " ° f SUnd " d 
the 

2<TIngle g of 13 S^The'sbz! 60 ^ LiF anaIyzing cry8tal at a 
_,I"X t nt SbZ<ai Ime Wlth a ^ av elength of 3.439 A is 
reflected from a NaCl crystal at 75.16° 29. With the former, an air 

iJin^a , 1 aemtiUation counter is a convenient arrangement; for the 

coumer h ,Um °® P u here in eembination with a flow-proportional 
ter is necessary. The intensities, relative to background for the 
two systems are shown in Table I. The choice here. It least at this 

TABLEI 

Sample: 0.6-g Briquet of Lactose and Tartar Emetic, 
Containing 1% Antimony 

Source, Tungsten OEG-50, Operated at 40 kv, 20 ma 


Sb K a radiation, LiF 
crystal, air path, 
scintillation counter 


Sb L a radiation, NaCl 
crystal, helium path, 
flow-proportional counter 


Peak: 4375 counts/sec 

Background: 2240 counts/sec 
Ratio: 1,95 


^ ea ^ ; 1 56 counts/sec 

Background: 8 counts/sec 
Ratio: 19.5 


° d - 8ivini! h, * h 

giving low inipnoiiiol ■ tl Pe k *°*Jfckground ratios, and a method 
The decision to utilise til 1^^ h . Igher Peak-to-background ratios, 
solubilities and t ^ K f ndiatl0n was influenced by the limited 

would We S ^ ° f the -“M*. This of coume 

he effect of keeping L a fluorescence at very low levels 

Aside from controlling the actual amount of sampTe t the ex- 
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tial vs fluorescent intensity curve (Fig. 1) makes this plainly evident. 
Because a variation of 0.1 kv produces a difference of nearly 60 
counts/sec in the fluorescent intensity of a 1% antimony sample, and 
because voltage control allows this much variation, a method of moni¬ 
toring beam intensity is highly desirable. Internal standards are com- 
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monly added for this purpose, as well as to compensate for matrix 
absorption effects. However, the addition of other compounds began 
to create solution difficulties, and therefore, an alternate method 
was used. 

In this method, scattered radiation of an appropriate wavelength 
is measured immediately before or after reading the Sb K a peak 



Fig. 2. Peak-to-background ratio vs tube voltage (1% antimony in lactose). 
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intensity. While this does not give 100% correction, precision is 
increased by a factor of two over peak intensity readings taken 
alone. For example, in a series of 20 readings on one specimen, taken 
over a period of 2 days, the relative standard deviation of peak- 
to-background ratios was 0.5%. The corresponding figure for the 
peak intensities on the same series of readings was 1%. It should 
be kept in mind that these figures include the effects of all in¬ 
strument variables, including the standard counting error, which 
for the 204,800 pulses counted is 0.22%. The use of scattered X-rays 
as internal standards has been described more fully by G. Andermann 
and J. W. Kemp.* As they commented, the selection of a suitable 
wavelength at which to measure the scattered radiation is largely 
empirical. The choice may be different depending on whether one is 
seeking primarily to compensate for variations in source radiation or 
for differences in matrix composition. Figure 2 illustrates the effect 
of choosing different scattering wavelengths on the intensity ratio vs 
applied potential curve. It should be noted that the incorporation of 
Kp radiation in the measured background, as happens at 11.9° 20, 
will give a bent working curve (lower curve, Fig. 3). This is ex¬ 
pected on a theoretical basis. 

When the effects of variations in source intensity have been 
minimized, the principal factor requiring control is the composition 
of the solution. In this work the compounds were primarily organic 
in nature, with the antimony content being in the range 20 to 40%. 
The heaviest element other than antimony was chlorine, which oc¬ 
curred as a minor constituent in some of the compounds. The solu¬ 
tions were made up to have an antimony concentration of 1 to 2 mg/ml. 
Thus, the nature of the absorbing medium was essentially that of 
the solvent. Most of the work was done with four solvents: water, 
water and dimethylformamide (50:50 v/v), 1/V HC1, and 1/Y 
NaOH. The unknowns were generally dissolved in concentrated 
DMF, HC1, or NaOH, which was then diluted to the proper strength. 
Tartar emetic, containing 36.5% antimony, is a convenient reference 
compound although it is, unfortunately, not soluble in straight DMF. 
Table II, showing the effect of various solvents on Sb K a intensity, 
emphasizes the importance of using the same solvent for standard 
and unknown. 


* Analytical Chemistry 30, 1306-1309 (1958). 
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Fig- 3. Tartar emetic in lactose (0.6-g briquet, 40 kv, 20 ma). 

5 ml cam?/ U b 3 ? 16 8 ?u ] volumes - specially made cells of 2 an 

2 m cell h y aVC ? 6 ? fabricated of aluminum and Plexiglas. Th 
2-ml cell has a sample depth of 3 mm; the 5-ml cell, a sample dept 
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TABLE II 

Effect of Solvents on Intensity 


Solvent Intensity, counts/sec 


h 2 o 

4070 

50:50 H a O—DMF (v/v) 

4135 

1NHCI 

3830 

INNaOH 

4075 

H 2 0 blank 

3000 


Conditions* 40 kv; 20 mo; UF crystal; antimony concentration, 2 mg/ml. 


of 7.5 mm. These fit snugly into the sample tray, which slides in 
horizontally under the source tube. Where the nature of the solvent 
permits, the aluminum cell is used because less primary radiation is 
scattered from it. 

The assay just described is an example of the adaptability of 
X-ray fluorescence techniques to varied analytical problems. In this 
case, the slowest part of the assay was the time spent in finding 
suitable solvents for the various compounds. That is one reason a 
program to explore means of facilitating more rapid and accurate 
analyses of dry powders has been initiated in this laboratory. 




Potassium Pyrosulfate Fusions 
for X-ray Spectroscopy 

Thomas J. Cullen 
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An X-ray spectrographic method is reported for the analysis of 
brass and bronze samples by the potassium pyrosulfate fusion tech¬ 
nique. The fusions are carried out at moderate temperatures in glass 
beakers. Absorption and enhancement effects are removed. Standards pre¬ 
pared from pure metals are used to determine copper, lead, nickel, tin, 
and zinc in the samples. The fusions are ground and briquetted so that a 
uniform surface is exposed to the X-rays. 


ANALYSIS OF COPPER-BASED ALLOYS 

Deviations from proportionality complicate X-ray spectro- 
graphic methods of analysis. The main causes of these deviations 
fall into three classes: (l) absorption and enhancement effects; (2) 
heterogeneity in the samples, including surface effects; and (3) in¬ 
strumental instability. 

Deviations due to classes 1 and 2 can be greatly reduced by 
fusion in a properly chosen flux. Fusions will dilute, homogenize, 
and react with the sample. Dilution alone will minimize the matrix 
change between individual samples and, thus, reduce absorption and 
enhancement effects between individual particles of the sample; how¬ 
ever, dilution will not remove absorption and enhancement effects 
within individual particles. Dilution may also introduce a hetero¬ 
geneity error. Since in mechanical dilution no reaction between the 
diluent and sample occurs, the possibility of an error due to differing 
valence states of an element exists. 

Fusion or dilution in a lightweight matrix such as carbon, borax, 
silica, paper pulp, etc ., will reduce the loss of fluorescent intensity. 
With lightweight-matrix dilutions, one finds that large dilutions are 
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necessary to reduce or eliminate matrix absorption and enhancement 
effects; incoherent Compton scattering of the intensities also occurs. 
Absorption and enhancement effects occur due to the penetration of 
the primary X-ray beam, which excites elements below the surface 
of the sample, thus causing increased interelemental reactions of 
the fluorescent energies. Claisse [ l ], in his paper on the borax-bead 
technique, suggests the addition of an absorbent compound, such as 
potassium pyrosulfate or barium peroxide, to the flux to reduce 
this effect. 

Deviations due to heterogeneous samples are eliminated by fu¬ 
sion techniques since the sample is reduced to a homogeneous solid 
solution, assuming total reaction of the sample. It must be pointed 
out that since fusion techniques use small sample weights, the sample 
must be well prepared to the extent that the small sample weight 
fused will be representative of the whole sample. 

Potassium pyrosulfate [ 2 ] has been found to be a very useful flux 
in the fusion technique of preparing samples by X-ray spectroscopy. 
It has been found that 200 mg of the sample fused in 10.0 g of po¬ 
tassium pyrosulfate is adequate to remove severe matrix effects. This 
is due to its high reactivity in dissolving samples, and to the absorb¬ 
ing characteristics of the potassium, and, to some extent, of the sulfur 
present in the matrix. The inhibition of the absorption of copper fluo¬ 
rescent radiations by iron in samples of mattes and slags has been 
reported. These samples contained from 0 to 60% copper and from 
0 to 20% iron. The inhibition of the absorption effect was so pro¬ 
nounced that synthetic standards containing only copper could be 
used as calibration standards. Deviations from electrolytic copper 
analysis were in the range of 0.1% absolute. These results were 
obtained by taking a minimum of 100,000 counts and averaging the 
results of three separate sample portions. 

The following data were obtained using a General Electric 
XRD-5 X-ray spectrometer, a scintillation counter, a Victoreen lin¬ 
ear amplifier with a 0- to 20-v window and 0- to 100-v baseline 
pulse-height selector, a 10-ml Soller slit, a lithium fluoride analyzing 
crystal, and a tungsten-target X-ray tube operated at 50 kv and 
50 ma. The magnitude of the number of counts recorded for the in¬ 
tensities measured was such that the degree of variation was less 
than the significant numbers reported in the data. 

A brief description of the fusion process is as follows: 5.000 g 
of potassium pyrosulfate is weighed into a fused silica crucible and 
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100 mg of sample is mixed well with the potassium pyrosulfate to 
insure rapid and uniform solution. The fusion mixture is then heated 
to a moderate temperature, using a bunsen burner, until the mixture 
melts and the sample dissolves. When the fusion is complete, it is 
allowed to cool and is ground either by hand or mechanically. The 
fusion is then briquetted at a pressure in excess of 12,000 psi to form 
a briquet 1.25 in diameter. The sample is then ready to be used in 
the X-ray spectrometer 

Potassium pyrosulfate decomposes with the evolution of sulfur 
trioxide at temperatures in excess of 700°C. Since the flux will 
melt at 300°C, fusions can be carried out between 300 and 700°C 
without significant losses of weight. If the sample contains metallics 
or refractories, or for any reason requires prolonged heating at the 
higher temperature range, a weight-loss correction should be applied 
to obtain the best results. If the standards and the samples require 
the same time and temperature to dissolve, the weight loss will be the 
same and no correction will be necessary. Swirling the melt while 
fusing will reduce localized heating, homogenize the melt, and reduce 
fusion time. The time requirement for fusion of 100 mg of sample in 
5.0 g of potassium pyrosulfate is between 1 and 3 min. 

The fusion willl usually crack into several pieces upon cooling, 
thus facilitating removal from the beaker or crucible. The grinding 
of the pieces of the fusion is easier and more rapid if it has not 
cooled to room temperature, but is still hot to the touch. The fusions 
have been ground in our laboratory in a mixer mill, using disposable 
plastic mixing balls and vials. The grinding operation takes 10 to 15 
min, and four fusions are ground at one time. 

Since fused potassium pyrosulfate will absorb moisture, one 
might expect an error to be introduced. It has been determined that 
in the grinding process the fine particles of powder absorb moisture 
to the point of equilibrium; thus, the amount of moisture absorbed 
is constant and reproducible before the fusion is briquetted. How¬ 
ever, if the fusion is to be kept for a prolonged period of time, it 
is recommended that it be stored in a desiccator. The instability of 
the briquets appear to arise from handling rather than from other 
factors. The briquets can be reground and briquetted when this 
handling damage occurs. 

Since potassium pyrosulfate has the ability to dissolve metallic 
samples, it was thought that the precision and accuracy of the 
technique could be demonstrated by analyzing a series of NBS 



TABLE I 

Analyses of NBS Copper-Based Alloys 



113 Zinc “ “ 66-38 66.50 
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copper-based alloys, using synthetic standards for calibration. The 
standards were prepared by weighing into 5 g of potassium pyro¬ 
sulfate various amounts of pure metals plus pure copper, to a total 
weight of synthetic sample of 100 mg. Standards containing various 
amounts of pure copper were used in the determination of copper, 
and the sample weight was mathematically corrected to 100 mg. 
Copper, lead, nickel, tin, and zinc standards were prepared so that 
the contents covered the range of the amounts present in the NBS 
standards. Table I shows the results of this test. The results re¬ 
ported are the averages of triplicate determinations. 

A NBS standard zinc ore, No. 113, was used to determine the 
precision and accuracy of the zinc determination. Standards con¬ 
taining 50 and 70% zinc were prepared from pure zinc oxide. 
The two standards and the sample were prepared and run on ten 
different days over a period of five months. The results are reported 
in Table II. 

The determination of elements existing in a form insoluble in 
potassium pyrosulfate is not as accurate or precise as the deter¬ 
mination of elements in soluble form. An example of this is ger¬ 
manium dioxide. The net intensity from a series of briquetted fusions 
of 100 mi? of 100-mesh germanium dioxide had a deviation of 7% 
from the mean intensity. This deviation was decreased to 3% by fus¬ 
ing 300-mesh germanium; thus, the ground fusion was actually a 

TABLE II 

Determination of Zinc in NBS 113 
(Zinc Ore-61.1% Zn) 


Zn found,% 


Difference 

61.20 


0.10 

61.15 


0.05 

61.31 


0.21 

61.10 


0.00 

61.14 


0.04 

61.40 


0.30 

61.12 


0.02 

61.12 


0.02 

61.16 


0.06 

61.22 

<r - 0.096 

0.12 
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“f'te oxide. The only advantage in the fuaion of 
eampies containing gennaniom dioxide ia the removal of the effect of 
other elements present in the sample. 
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Serious consideration should be given to the merits of using the avail¬ 
able fluorescent X-ray spectrographic instrumentation and techniques for 
determining trace elements. limits of detectability for trace elements in 
metal, oxide, solution, or mineral samples range from 0.1 to 100 ppm, de¬ 
pending on the element being determined, over-all sample composition, 
and complexity of the X-ray spectra; limits of detectability range from 
0.01 to 1 pg for elements that have been preconcentrated by a chemical or 
physical process, for example, by ion-exchange membrane. 

Fluorescent X-ray spectrography can be used to obtain absolute values 
(by preparation of standard samples) or relative values based on standards 
analyzed by other means. Since X-ray techniques are nondestructive, both 
standards and unknowns are conserved for use in other evaluation pro¬ 
cedures. 


INTRODUCTION 

There have been many significant developments in the instru¬ 
mentation and analytical procedures used with fluorescent X-ray 
spectrography during the past decade. Fluorescent X-ray spec¬ 
trography is now widely accepted by both research and control 
laboratories for determining major and minor constituents [ 10 ]. The 
purpose of this report is to summarize the present status of the tech¬ 
nique in studies involving trace elements. The findings are restricted 
to limits of detectability that can be obtained with conventional 
fluorescent X-ray spectrographic instrumentation and techniques. 

Because the meaning of the term Irace is ambiguous, some com¬ 
ments are necessary on its definition with respect, to this report. 
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Originally trace, in a chemical sense, meant a quantity too small to 
be measured or not worth determining. Today, with the development 

c2£Tt y . ma , tenal \f he signifies a minute amount which 
ii ermine , usually with some degree of accuracy required. 

in XT’ he , PerCentage ° f a constituent required for classification 
t Ce ' ee . ment , r an g e is arbitrary. Hillehrand [ 34 ] said, with 

the word /° r0ck ana ysis ’ “ It; ma y said with regard to the use of 
suDDosed X hf the amount of a constituent thus indicated is 
Zoun^tn f^ \ el T f quantitative determination in the 

cirri ,ol T yS,8 i Sh ° Uld in gCnera1 ’ for anaIysis ,ayi ^ 

than oS 2 o 7 ft 0 ? 5 e » H d be supposed to indicate les? 

than 0.02 or 0.01%. However, Sandell [ 61 ] states, “There is no 

i?nt°to ° f ™d kmg tHiS b ° Undary a rigid one ‘ 14 is sometimes conven¬ 
or a ew hundradT T* C ° n8titUent one tha ‘ occurs to the extent 
allv f»n e h ^ d hS °i a PerCent ’ Thus in si,icate rocks, copper usu- 
o cooneVL r nge °- 001 t0 ° ° 5% ' and il is P-missibleTo speTk 
repoi lhe dirt 306 claSS of material.” In this 

phasizecL 16 d ° n ° f quantlties Iess ^an 0.05% (500 ppm) is em- 


SAMPLE CLASSIFICATION 

Liebhafsky, Pfeiffer, Winslow, and Zemany [«] suggest that 

tm:(lh!a 8 L7 be C ° nVeniently subdivided according to sample 
and (2) trar™ 8 constltuents in samples not unusually small 
fnl T maj ° r const ituents of a minute sample. In manv 

essarJ C to^i r ia e te ai Z le d Che d 1C f preconcentration ' «t would be nec- 
ssary to isolate the desired elements from the bulk samnl P - this 

amounts to conversion of a eta 1 to eta 2 sampl P 

" P °:‘. C|M ‘“'P 1 ' 8 ™> divided into metals, oxides, 

Xrr—s 

ytta^Ta'lT ^divided either according to the anal- 
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the limit of detectability in micrograms and the original weight of 
the sample before preconcentration of the trace elements. 

FUNDAMENTALS 


Line Intensity 

The ultimate objective in trace analysis by fluorescent X-ray 
spectrography is the quantitative measurement of a weak spectral 
line above background, where the background may contribute a sig¬ 
nificant number of the X-ray quanta counted. For maximum sensi¬ 
tivity, the X-ray tube should be operated at its highest voltage 
and current ratings. With 60-kv power supplies, the K series X-ray 
lines are used for elements below atomic number 40, the L lines for 
elements above atomic number 60, and either the K or L lines for 
elements whose atomic numbers range from 40 to 60 [“]. If 100-kv 
power supplies are available, the K series lines may be effectively 
excited for elements greater than atomic number 60; however, crys¬ 
tals with both high reflectivity and suitable d-spacings for these K 
lines are not known. 

Applications to trace analysis require the strongest possible sig¬ 
nal; therefore, the resolution should be limited to only what is ac¬ 
tually required to separate the lines of interest. High resolution X-ray 
optics can be achieved only by fine collimation, thereby losing in¬ 
tensity. Flat-crystal X-ray optics are covered in detail by Spielberg, 
Parrish, and Lowitzsch ( 54 l, and, in a previous paper, by Campbell, 
Leon, and Thatcher [ 16 1 . Focusing (curved-crystal) and nonfocusing 
(fiat-crystal) optics are compared in books on the subject of X-ray 
spectrography I 4 ’ 44 ]. 

For a given set of operating conditions, the strenglh of the signal 
is a function of the concentration of the element being determined 
and the over-all sample composition. If the source of excitation is 
assumed to be monochromatic and nondivergcnt and no excitation 
results from enhancement in the sample, then the following equation 
expresses the relationship of intensity to both the sample compo¬ 
sition and the concentration of the element being determined for a 
class 1 sample of effective infinite thickness: 

J __ ( 1 ) 

*■“ JmAO. + Jm/p), 

where /« is the intensity of characteristic spectral line of element 
a, Wo is the weight-percent of element a, and U/p)« is the mass ab- 
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^“ tof “ mple ' for “ en,radiati »" x ' - —*■ 

the ° f e ,? n “ ion k (1) for ■ given element 

tion»l?« fh f Part,CU,ar char acteristic line is inversely propor- 

Sce ellttrtf 10 ", ° f i^ } - and ^ The sensi^ty P fo r 

of low X rav ahsn a® 1 ^® be greater ( a stronger signal) in samples 

point iLnL T Chara , Cteristics - To ilIua trate this important 
point, intensity values were calculated for Fe K„ Mo K and Sn K 

mauta. relative to tht* cdcataW fo, a nLtl 

Jf®f^ a Culatlons (Table D indicate that the K spectral lines of iron 

meldlr‘ n . 8h ° Uld b ® ° VCr 50 times 8t *°nger in be^um 
in hiirh atomir> mC *k onve ^ se ^’ s P e °tral intensities from impurities 
fL W r W ^ SUCh 88 tUngSten ma * be reduc «d hy a 

Background 

.The background intensity is also an important factor in deter¬ 
mining the limits of detectability. Background is the summation of 


TABLEI 

Cal.rf.wl lie. letenaitim „ . F „„ ctton s> „ pfc 


Sample 


Intensify relative valuesf 




Mo Key 


Sn K„ 


Be 

85 

O 

12 

Mg 

3.4 

S 

1.5 

Ca 

0.85 

Ni 

1.0 

Zn 

2.3 

Sr 


Mo 



126 

71 

38 

32 

11 

12 

4.9 

5.1 

2.6 

2.7 

1.0 

1.0 

0.83 

0.85 

0.45 

0.44 


Ag 

W 

Au 

Pb 


0.63 

0.86 

0.66 

0.60 


1.7 

0.46 

0.39 

0.35 


0.35 

0.55 

0.47 

0.37 

0.33 


0<17 *■ Wy - .. 

pamd between column for ncm.pl. F. ft, ,oMe ft,. by ""’P 1 * "•* »™«.r«f, lnt.mi«« cannot bo com 


( 1 ), 
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various components: electronic noise and cosmic radiation, spectral 
impurities originating in the X-ray-tube target and window, Comp¬ 
ton or modified scattering, characteristic lines from spectrographic 
components, and primary unmodified scattering from the sample 
and its surroundings. 

Flow-proportional and scintillation counters have a noise level 
of less than 1 count/sec when used with a pulse-height discriminator 
and linear amplifier. Geiger counters of the type used in X-ray spec- 
trography give background counts of 1 to 2 counts/sec. Lead shield¬ 
ing of the detectors to reduce cosmic radiation is not warranted for 
these applications. 

The purity of the X-ray-tube spectra is very important in cer¬ 
tain trace analysis procedures. The Machlett tubes,* which are wide¬ 
ly used as the primary X-ray source, were designed for radiological 
applications in which spectral impurities are not important. Principal 
impurity spectral lines are those of copper, nickel, and iron, plus the 
anode; the anode is either tungsten or molybdenum. Higher-purity 
tubes now available, either Machlett OEG-60 or Philips FA-60, have 
low iron, nickel, and copper intensities [ 40 ]. 

When the primary X-ray beam is scattered by the sample, X- 
rays lose energy (Compton effect) when shifting to a longer wave¬ 
length. This Compton scattering, which is more pronounced for 
samples comprised of low-atomic-number elements, results in broader 
or split primary spectral lines and thus increases the possibility of 
interference with analytical spectral lines. The wavelength A of the 
modified radiation can be calculated from the following expression: 

A-Ao = ( h/mc) (1 - cos <t>) = 0.02427 (1 - cos </>) A (2) 

where <t> is the angle between the primary and scattered beam. In 
most commercial X-ray spectrographs, approximates 90°; there¬ 
fore, AX is close to 0.02427 A. Dwiggins [ 22 ] determined the ratio of 
carbon to hydrogen in petroleum hydrocarbons by measuring the 
modified and unmodified scattering of a strong tungsten L line. This 
scattering ratio is dependent on the relative abundance of elements 
of very low atomic number. The applications of this technique may 
be broadened to include determination of the ratio of metal to oxy¬ 
gen, nitrogen, or carbon. 

•Reference to specific brands is made to facilitate understanding and does not imply 
endorsement of such brands by the Bureau of Mines. 
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Other spectrographic components that contribute to the back¬ 
ground are the collimator plates, analyzing crystal, and detector. 
Secondary spectral lmes originating in the primary collimator (be¬ 
tween the sample and analyzing crystal) must undergo Bragg dif¬ 
fraction before reaching the detector. This radiation is, therefore, 
angular-dependent and will appear as a broadened line or band. 
Radiation from the secondary collimator is also angular-dependent; 
its intensity will be additive to the strong spectral line from the 
sample. As an illustration, consider a sample high in zinc content 
with a secondary coHimator composed of nickel plates. The nickel is 
strongly excited by Zn K a and Kg radiation; however, the zinc ra- 
diation is only diffracted over a narrow angular range. The resultant 
nickel intensity will overlap the Zn K lines and add to the over-all 
intensity at the Zn K a and Kg peak position. Nickel K a and Kg lines 
ongmatmg in the primary collimator will be found at different angles 

■ h n a V he 5 mC J adla , tl °”;. b “ t wil1 be broader as effective collimator 

length is less for the Ni K radiation. 

Analyzing crystals composed of elements above atomic number 
12 are possible sources of significant secondary radiation. This sec¬ 
ondary radiation is not angular-dependent and results in a general 
increase in background. In most instances the radiation originating 
m the crystal can be eliminated by pulse-height discrimination; how- 
ever the analyst should consider the possibility of its occurrence, 
or example, the Cl K a radiation from a sodium chloride analyzing 

SiXSr^ iCc “ lportionof,h ' b “ t8roun ‘ l " th hi * h - 

and scintillation detectors also have components 
b ‘ b Can be , exc,ted b y h, g he r energy radiation, all of which is 
ngular-dependent. A good example of this type of background ra¬ 
diation occurs in the determination of hafnium in zirconium where 
the separation of Hf L tt first order from the strong Zr A a seZd orde^ 

ablVintenrif em h Wltb .hafnium-free samples there is still a measur¬ 
able intensity above the background value at the HfL* position 

:ir h : ugh d- thepulses ? aracteristic ° f zr ^« and ^ 

peaks are discriminated against by the pulse-height analyzer A 

sten a ni S °7?b “ UneXpeCtGd intensit y ma y be either the tung¬ 
sten anode of the proportional counter, or copper and zinc in the 

brass housing. All three spectral series, Cu K a , Zn K a , and W L 

be V com e | g M appr ° ) ximat j n 8 that of Hf ^ and, therefore, would not 
be completely resolved by pulse-height discrimination. Analyzing 
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crystals of silicon or germanium are now available that have a very 
low reflectivity for even-ordered reflections; however, their first-order 
reflectivity is less than that of lithium fluoride, and the angular 
dispersion is lower because of their higher d-spacing. For special ap¬ 
plications, e.g. t hafnium in zirconium, construction of special pro¬ 
portional counters, using materials that do not emit interfering spec¬ 
tral lines, may be warranted. 

Most of the background radiation from class 1 samples is un¬ 
modified scattered primary radiation. Other studies by the Bureau 
of Mines [ 16 ] showed pulse-height discrimination (PHD) to be very 
effective in the long-wavelength region (greater than 2 A) since the 
scattered radiation is comprised principally of multiordered high- 
energy X-rays. In addition, the flow-proportional counter has a low 
counting efficiency for high-energy radiation, thus providing addi¬ 
tional discrimination. Pulse-height discrimination is less effective 
in the short-wavelength region as the scattered radiation is prin¬ 
cipally first order. Other studies by the Bureau of Mines (Table II) 
show that pulse-height discrimination will not improve the line-to- 
background ratio by a factor of 2 until the X-ray-tube voltage 
exceeds the critical voltage of that element by a factor of 3. It was 
also concluded that the scintillation and flow-proportional counters 


TABLE II 

Reduction in Background by Pulse-Height Discrimination 


Detector 

Goniometer 

setting* 

Critical voltage, 
kevf 

Background reduction, 
relative values^ 

Flow-proportional$ 

SK a 

2.5 

11.5 

ft 

KK a 

3.6 

7.2 

n 

Ti K a 

5.0 

2.6 

Scintillation II 

Ti 

5.0 

35.1 

w 

Mn K a 

6.5 

18.2 

n 

NiK* 

8.3 

10.4 

// 

ZnK a 

9.7 

4.1 

// 

S 

12.7 

2.4 

/# 

Mo K a 

20.0 

1.4 

w 


25.5 

1.1 


*M*asur*m*nts mod* on wot*r whh goniom#t*r at th* tfwdffed position, 55 kv on X-ray tub*. 
tVoltag* required to tonfc* *l*m*nts listed in i*cond column. 

{Intensity ratio* analyser window at infinity/analyzsr window of 7v. 

{Quartz crystal 2d- 6.68 A. 

|| UF crystal 2d - 4.03 A. 
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' vavel '" glh bu “ d ” 

luX T^- h6r V 8 n ° im P rovement ^ the line-to-back- 
S th ft l;n°rn r t e xenon ‘ fllIed Proportional counter as compared 

riSirS2lIS“ T nt I- ecau8e the P ul8e - hei ghi discrimination 
against multiordered radiation instead of spectral lines from ele- 
ments several atomic numbers apart. 

Air scattering of primary X-rays can contribute significantly to 

nol^ri^^ 88 2 *«tad and Refsdal FW 

ported that background intensities were greatly reduced for very thin 

AsTelmnll X ^ ^ the Sample chamber is evacuated. 
As the sample thickness is increased, the X-ray scattering by the 

sample increases; the contribution to background from air scatter- 
mg is not significant for class 1 samples. 

Matrix Correction 

The line intensity in class 1 samples is a function of both the 

r—° f r the element bein f determined and the over-all sam- 
T eq “ at “ (1)1 The^ore, for «„ oreS oe nt X-ray 

SS 5° be either the standard, and 

uniinowns must be similar or some correction must be applied for 
matrix effects (variation in sample composition). ?? 

of th^mn • PU T y metaI ®’ , oxldes > and simple solutions consist of 99+% 
of th e m ajor element; therefore, matrix elfeote will not be a probtan 

° Zrf T pa t ,i0m SUCh - <™ « ™eri/3 £ 

f extern al or internal standard to correct for dif 

ferences in companion between aample and standard 

fcttzsrs and ■*» 

J are equally applicable in the trace-element range. 

cn^lttetZandT^ date,miDad ' "" <«*> - « 


Theoretical Limit of Detection 
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ations are negligible. These theoretical limits are obviously very im¬ 
portant as they are the best that can be achieved under present 
conditions. In order to lower these theoretical limits of detectability, 
advances in instrumentation or techniques will be required. 

In the trace-element range, N T -N B is proportional to the con¬ 
centration of element A where N T is the total number of counts at 
peak position with element A present for time l and N B is the total 
number of counts at peak position with element A absent for the 
same time t 

The s tandardjdeviationJcounting error) for N T -N B is equal to 
JIVt + N b where Nt and A f B are the arithmetic means of the Nt 
and N b terms, both having a Gaussian djgiribution. In the limiting 
case the count ing error approximates >/2 4Nb as 

lim N t — N b 

. l -*0 

In this paper the minimum detectable amount is defined as that 
concentration or amount that results in a line intensity above back¬ 
ground equal to three times the square root of the background for 
counting times that are not to exceed 10 min. Thi s gives a confidence 
level of 95% as 3>/7V^ approximates 2 <JNt + Nb at the trace level. 
At the minimum detectable limit (based on a 95% confidence level 
or 2<r), N t will be greater than N B 39 out of 40 times, and 1 time out 
of 40, N r will be less than N H . A more detailed discussion of the 
minimum detectable amount is given by Zemany [ 68 ]. 

Longer counting times would result in a lower theoretical limit 
of detectability; however, this limit is a function of the square root 
of the total number of counts, e.g., increasing the counting time by 
a factor of 10 will lower the limit of detectability by 3.1. As there 
are practical limitations which must also be considered, a realistic 
counting time should be used for each analysis. 

At a concentration level of ten times the minimum detectable 
amount, determinations can be reported to ±10% of the amount 
present at a 95% confidence level. When N r and N B differ by fac¬ 
tors of 2 or more, the optimum division of the total time for each 
measurement should also be considered [ 48 ]. 

CLASS 1 SAMPLES 

As stated earlier, the principal objective of this paper is to sum¬ 
marize applications of fluorescent X-ray spectrographic analysis to 
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trace analysis The reader should be aware that the limits of detect- 
sported by various investigators are not necessarily the ul¬ 
timate that could have been reached. The lower limits stated were 
often those required to meet the demands of the assigned problem; 

inLL oTd 77^ eref ° re ’ unnecessar y- Also, various definitions 
s were ^ “ an ° r wwch ™ '»**«" 

Metals 

atand^d ' anal ° f Standards in got iron and low-alloy steel 

d t *Vr/ ei - ie V if were used t0 determine the limits of 
J' l y m i lg ir ° n Samples ' These sam ples, which are pre- 
7 U8C 88 X ' ray s P ectr ographic standards, are certified for 15 
elements covering a wavelength range of approximately 0.4 to 7 A. 

firLTT 8 thlS the SUmmation of mass absorption coef- 

tret?onofTh p eqUa 0 ? (1 ] " independent of cha ^ es ^ concen- 
tion of the impurity element over a range of 0 to 1%; thus a linear 

relationship between I A and W A results Thp aa " i ’ 

rm.,w . D 1 .T m . esults - the samples were run as 

TOeived in a Philips Electronics three-position inverted X-ray spec- 

S P f • tube as the souroe otS- 

on. Line intensities, background, and calculated limits or detect- 
abdity am g.ven in Table III. Intensity values were read off the 
hi J “fi CUrVe at the 1000 ppm level; background values were 
r;ta° ,ati0n zer ° concentration. Large metal samples 
ol the 1161 senes type can be prepared in a uniform manner; thus 

theoreUc^values. 1 * 8 * Cl<>8ely approximate the 

nor»j!l ddin V 1] ’ USi ? 8 British Chemical Standard Steel samples, re- 
for mltTf^ T U tS Wit 7 generalJ y- a lightly lower sensitivity 

bUt K id n0t 8iVe d6tails 0f the m^rumen- 
steels to be 10 1 r g& T e “““hvity for various elements in 
. , 10 ppm for the heavier elements and 100 ppm for the 

)£&£? k^i a * m ? C nUmber) ’ and also c °nfirmed earlier 

lontw^velenST^- “ to anal y tical applications of 

ong wavelength L senes spectral lines. 

abilitv^mTalTb 81 7 re US6d to estimate Iimits of detect¬ 

ability in metals having low X-ray absorption characteristics Cal¬ 
culated intensities (Table I) indicated that sensitivity siould^ be 

dctSS tetoT 1 “ COmP S r ' d “">p'e composed 

Clemente of higher atomic number. Mete] powder samples consisted 
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TABLE III 

Theoretical Limits of Detectability in Iron 


Element and 

Instrumentation,* 

Intensity, counts/sect 

Limit of detection, 

spectral lines 

56 kv, 40 ma 

Line 

Background 

ppmt 

SiJC a 

A 

1.5 

4.2 

170 

r,K a 

B 

817 

80 

1.0 

VK a 

B 

1095 

286 

1.9 

CrK a 

B 

1400 

2130 

4.0 

Mn K a 

B 

1080 

150 

1.4 

Ni^ 

C 


43 

5.4 

Cu K a 

C 

142 

97 

8.5 

AsK„ 

C 

130 

52 

6.8 

ZrK a 

C 

298 

126 

4.6 

Mo K a 

C 

328 

142 

4.5 

S" L a 

B 

223 

50 

3.9 


*A - EDDT crystal, halium, 0.02- by 4-in. collimator, flow-proportional counter with PHD. 

B UF crystal, helium, 0.02- by 4-in. collimator, flow-proportional counter with PHD. 

C <■ UF crystal, air, 0.005- by 4-in. collimator, scintillation counter with PHD, 
tConcentration * 1000 ppm. 

JLimit of detection - concentration that results In a line intensity equal to three times the square root of background for 
10>min counting time. 


of 99+% beryllium.* These samples, NBL 85 to 88, have tentative 
values of ten elements in the X-ray spectrographic range of atomic 
number 12 and above; all values are based on chemical analysis. 

Three-gram samples of 100-mesh beryllium were used because 
only a limited amount was made available. Instrumentation was 
similar to that used to obtain the data for Table III. Larger Samples 
should give improved sensitivity as 3-g samples do not correspond to 
an infinitely thick sample, except for MgK a , A1 K aj and Si K a 
radiation. 

For elements of higher concentrations, 100 to 2500 ppm such as 
iron, nickel, and manganese, the in tensity-to-concentration relation¬ 
ship was linear with little scatter of data. In contrast, the data 
for molybdenum and cobalt were widely scattered, possibly because 
of larger relative errors in the chemical analysis in the 1- to 30-ppm 
range. 

Intensities for the 100-ppm level for various elements (Table IV) 
were estimated from the analytical curves; background values were 
obtained by extrapolation to zero concentration and also at the 1° 

♦Obtained from I)r. G. J. Hoddin of the AEG laboratories. New Brunswick, N. J. 
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TABLE IV 

Theoretical Limits of Detectability in Beryllium 


Element and Instrumen- 

spectral lines tation* 


Line 


Intensity, counts/sect _ 

Background Background ^ ° f de ' x 
1 °20 off peak tectl0n ^ PP^t 


CrK a 

A,20kv, 15ma 

Ni K a 

A,20kv, 15ma 

HiK a 

B,55kv, 15ma 

Co K a 

B,55kv, 15 ma 

Mn K a 

A,20kv, 15ma 

MnK a 

B,55kv, 15ma 

F.K„ 

B,55kv,15ma 

FeK a 

A,15kv, 6 ma 


220 

360 

60 

300 

270 

170 

520 

420 


400 

40 


450 

300 

100 

80 

40 

14 

165 

350 

_ 

60 

100 

25 


1.0 


0.5 

0.5 


0.2 

0.5 


1.0 

1.4 

2.0 


B - UF c^tal^a* 1 ' 0 005°by Jj 0,,,mator ' ^^-proportional counter with PHd! " " 

tConcntrS^. * ** idntI,lo *>" — with PHD. 

h .*. <* •**•*". *. , quare wf ef bockgreund , or 


h i 8h / ,Ctp ”"" d “ P“ l position for 
from thp X r«v t k* t^’ “ due t0 s P ectral impurities originating 
included in Tah .1v ^ f ° r aluminum *"d silicon, no? 

200 ppm. ’ mdlCated a pr ° bable detection limit of 100 to 

Davis 1 3 mCeting summari «d by Garton and 

vis l J, reported limits of detectability in beryllium for chromium 

TZ7 "°°' CObalt ' '***" «**"* sine 730 17 0 67 

appear * 10 16ver> 

uraniumorplutoniumln *?* at . the minimum measurable amount of 
samplela T 5 °° ppm ' For Polonium the 
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Oxides 

In many instances it may be necessary to convert metal samples 
of irregular shapes or sizes to oxides before analysis. The intensity 
of a metal K a line should be approximately the same whether 
measured on a pure metal or its oxide, assuming an infinite thickness 
of sample. The intensity per metal atom and the number of metal 
atoms excited would be about the same in each case. The greater 
depth of penetration into the oxide is counteracted by its decreased 
density of metal atoms. Sample preparation is somewhat more critical 
as the oxide surfaces cannot be polished as evenly or as uniformly as 
metal surfaces. 

Heinrich and McKinley [ 31 ] reported limits of detectability in 
niobium pentoxide of 100 ppm for tantalum and zirconium, 50 ppm 
for iron, and 30 ppm for cobalt, chromium, manganese, nickel 
titanium, and vanadium. These samples were diluted 1 :9 with borax 
and then fused to give a homogeneous sample. 

Barstad and Refsdal [ 3 1, using line intensities 10% above back¬ 
ground as their criteria of detectability, gave limits of 41, 11, 21, 
28, 36, 61 ppm for chromium, nickel, arsenic, strontium, erbium, and 
thallium in calcium carbonate, respectively. More realistic limits, 
based on counting statistics, would result in significantly lower 
values. 

Hess [ 33 1 established limits of detectability of 100 to 500 ppm 
for various rare earths in yttrium oxide, using scanning techniques, 
and stated that a fourfold increase in sensitivity could be expected if 
counting techniques were used. Lytle and Heady L 47 l concluded that 
fluorescent X-ray spectrography is useful for determining rare-earth 
impurities in any rare-earth oxide. Individual sensitivities of 
approximately 100 ppm were attained; sensitivity varied depending 
on the element sought and the host oxide. 

Table V lists detection limits for iron, molybdenum, and tin in 
tungsten trioxide. These values were determined from 10-g samples 
prepared by adding known amounts of impurities as oxides to 
tungsten trioxide. The powders were lightly packed into holders 
normally used for solutions [ 16 l 

Aqueous and Organic Samples 

Line intensities for equivalent amounts of trace constituents are 
higher for aqueous and organic samples than for metal or oxide 
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TABLE V 

Theoretical Limits of Detectability in Tungsten Trioxide 


Element and 

Concentration, 

Intensity, counts/sec* 

Limits of do- 


wt-% 

Une Background 

tection, ppmf 

F»K a 

Mo K a 
Sn/C a 

0.14 

0.13 

0.16 

116 12 

142 120 

120 200 

5 

12 

23 

55 kv, 25 ma, UF crj 
t Limit of dotation <■ 
countinQ timo. 

«tal, air, 0.005-by 4-In. collim 

concentration that results in a 

ator, scintillation counter with PHD. 

line intensity equal to Arm, time, the square root ot bock,round lor lOmtin 


samples (beryllium excepted). However, scattered radiation is also 

FoH,Tf’l Pa ?b CU ^ y ^ rati ° of modif,ed t0 unmodified scattering. 

“ a ‘ tered radiaU<> ” significantly by 

pulse-height discrimination ,n the wavelength range above 1A Since 

he sample surfaces can be readily reproduced, practical limits of 
detection should approach the theoretical values 

for varioVs n ^ments^n C water are given^n'^ble^^ 8 °'^ ^^^ility 
areba “2 111 TheXoreS^ 

increased detal^S i^vX^^ 

»»nltt from «smg the longer-.avel.ngth i series line for ell»“ 

^unHo stzZr 4210 “■ in p,a “ ° r th ' 

nitric a i'idfor t vL™ ,im t ated “f 1 °** r limi18 of d «tectability i„ 

be in the ranee t * e ^ nleot f^ etw, ^ n atomic numbers 25 and 50 to 

. to n° ? P '”- va,ue8 are b “sd on the 
from 0% bv a ° un ^ ance tbat cou ld be distinguished 

Uiobium. erbium, uranium, Lt chi'l l "aZ 

tsSaa Sr 

tubes were used instead of thecal 
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TABLE VI 

Theoretical Limits of Detectability in Water 


Element and 
spectral lines 

Instrumen¬ 

tation* 

Intensity, counts/secf 

Line Background 

Limit of detec¬ 
tion, ppmj 

SK a 

A, 25 ma 

2.8 

2.1 

140 

Cl K a 

A, 25 ma 

6.8 

2.4 

62 

K K a 

B, 25 ma 

320 

14.5 

3.2 

Co Ka 

B, 25 ma 

311 

6.8 

2.3 

VK a 

B, 25 ma 

772 

19 

1.5 

CrK a 

B, 25 ma 

1030 

370 

5.1 

HK a 

C, 25 ma 

2000 

170 

1.8 

C« K a 

C, 10 ma 

2100 

350 

2.4 

As K a 

C, 10 ma 

3140 

460 

1.8 

Sr K a 

C, 10 ma 

6400 

1300 

1.5 

Mo K a 

C, 10 ma 

8000 

330Q 

2.0 

Molfr 

A, 25 ma 

18.5 

11 

49 

Cd/C a 

C, 10 ma 

3200 

4000 

5.4 

Cd^> 

B, 25 ma 

75 

8 

10 

'Ka 

C, 10 ma 

1200 

2800 

12 

"■a 

B, 25 ma 

232 

13 

4.2 

Bo K a 

C, 10 ma 

1070 

3200 

14 

Bo L a 

B, 25 ma 

275 

23 

4.8 

L° Ka 

C, 10 ma 

695 

2540 

20 

LaL a 

B, 25 ma 

275 

29 

5.3 

Sm L a 

B, 25 ma 

440 

45 

4.1 

Sm L a 

C, 25 ma 

210 

62 

10 

Ybl„ 

C, 25 ma 

675 

285 

6.8 

A« L„ 

C, 10 ma 

690 

2400 

19 

Pb La 

C, 10 ma 

1060 

460 

5.5 

Th L a 

C, 10 ma 

1220 

850 

6.5 


*A « EDDT crystal, helium, 0.02- by 4-ln. collimator, flow-proportional counter with PHD, 

B -a UP crystal, helium, 0.02- by 4-In. collimator, flow-proportional counter with PHD. 

C liF crystal, 0.02- by 4-in. collimator, scintillation counter with PHD. 
fConcentration -» 1000 ppm. 

{Limit of detection “ that concentration which results in a line intensity equal to three limes the square root of the back¬ 
ground for 2-mln counting time. 


uranium from a solution of 20% l,ributyl phosphate in Soltrol was 
approximately 1.5 times greater than in the aqueous systems. This 
increase was expected because hydrocarbons have a lower total mass 
absorption coefficient than water. More detailed discussions on 
analysis of aqueous solutions arc given in papers by Campbell, Leon, 
and Thatcher [ 16 1, Lambert 1 41 1, Sladky L 52 l, and Flikkema, Larsen 
and Sohablaske I “I. 
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There has been an increasing interest in the determination of 
trace elements in petroleum or petroleum products. In an earlier 
paper, Davis and Van Nordstrand H determined metallic impurities 
of barium, calcium, and zinc in lubricating oils. They reported that 
the zinc content could be measured with an accuracy of ±2% at a 
50-ppm level. 

Dwigginsand Dunning P 4 ] investigated direct fluorescent X-ray 
spectrographic analysis for traces of vanadium, iron, and nickel in oils. 
In an earlier paper P 3 ], they reported an NiX« intensity of 241 
counts/sec above a background of 102 for 34.3 ppm of nickel and for 
a 10 min counting time for both line and background; the theoretical 
limit of detectability was approximately 0.2 ppm. 

Hale and King [ ] give data that demonstrate their ability to 
detect 0.07 ppm of nickel in oils at a 95% confidence limit. These 
workers used scattered radiation that was measured 0.01 A off the 
peak position for both matrix correction and for background. At 0.1 
to 1 ppm, counting times of 30 min are required. Practical limits 
were the same as the theoretical values. 

In solid hydrocarbons, Brown [ 7 ] found a deviation of ±2 ppm at 
the 10-ppm level for iron in waxes; approximately 15 min were 
required per sample. Garton and Davis P 8 ] determined lead below 

ppm in terphenyls that were used as moderators and coolants in a 
nuclear reactor. 

Minerals 

Adler P] summarized applications of various X-ray spectro¬ 
graphic techniques in geochemical investigations. Some elements of 
particular interest to the geochemist are uranium, thorium, cerium, 
yttrium, zirconium, and lead; detection limits of 1 ppm are required 
for these elements. Accurate knowledge of their distribution provides 
valuable information on the cooling history of a magma. 

Van Wambeke P 6 ] made a detailed evaluation of fluorescent 
X-ray spectrography for geochemical prospecting and appraisal of 
mobmm-beanng carbonatites. Direct methods with no correction for 
matrix effects were used; the sensitivity found was 5 to 20 ppm for 
niobium at an accuracy of ±12%. Webber P 7 ] presented a general 

techniques gC0Chemical P ros P ectin g- using X-ray spectrographic 

i - ^ ^ determined the ratio of strontium and rubidium in 

lepidolites for geological age determinations. As the intensity ratio and 
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TABLE VII 

Limits of Detectability in Feldspar Matrix* 


Element and Weight, _ Intensity, counts/secf _ Limit of detec- 

spectral line % Line Background tion, ppm} 


KJC a 

0.290 

400 

4.0 

4.0 

CaKc 

0.257 

290 

3.5 

4.5 

TiK a 

0.0102 

25 

10 

3.5 

F.K a 

0.047 

544 

124 

2.6 


‘Bureau of Standard! sample No. 99 (feldspar). 

155 kv, 35 ma, LIF crystal, helium, 0.02- by 4-in. collimator, flow-proportional counter with PHD. 

{Limit of detection - concentration that results in a line intensity equal to three times the square root of background for 
2-mln counting time. 


concentration ratio for Sr K a to Rb K a do not significantly differ, 
no matrix correction was required. The limits of detectability were 
stated to be 5 ppm for either element; however, Herzog did not use 
optimum instrumentation for his measurements, so some improve¬ 
ment is anticipated. 

Lewis and Goldberg [ 43 ] analyzed marine sediments for titanium, 
zinc, and barium by conventional X-ray methods and reported that 
the lower limits of detectability were 100 ppm for titanium and 
barium and 40 ppm for zinc. 

Table VII shows the sensitivity for various elements in a feldspar 
matrix. These data are of particular interest because elements such 
as potassium, calcium, and titanium are not considered easily 
detectable. In another paper, the author [ U 1 pointed out that this 
sensitivity results in part from the low background in the long-wave- 
length region. 

Miscellaneous 

Brandt and Lazar [ 6 1 determined trace metals in plants using 
dehydrated samples. Sensitivities of 3 ppm for cobalt and zinc and 
10 ppm for manganese and molybdenum were given. 

Dyroff and Skiba [ 2l l reported sensitivities in the 20-ppm range 
for nickel and vanadium on alumina-base catalysts. More recent 
developments in instrumentation makes increased sensitivity 
possible. 

Campbell and Shalgosky [M compared results in the 30- to 
60-ppm range which were obtained on strontium in milk-powder ash 
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by neutron activation, flame photometry, and fluorescent X-rav 
spectrography. 

Campbell, Carl, and White [ 1S ] investigated application of 
uorescent X-ray spectrography to determine germanium in coal ash 
extensively. Sensitivities of 100 ppm were found, using a Geiger 
counter. With the more suitable crystals now available, plus pro¬ 
portional counters used in conjunction with pulse-height discrimin¬ 
ation, this limit could be reduced to the 10-ppm range. 

CLASS-2 SAMPLES 

Although fluorescent X-ray spectrography is generally limited to 
concentrations above 1 ppm for class 1 samples, the method is very 
sensirive for isolated microgram quantities of most elements. 
Liebhafsky and others [“] stated, “It was estimated that the in¬ 
tensity of Co K« generated under practical conditions in a monolayer 
area (1 cm) of cobalt atoms might give 133 counts/sec. Such a 
sample weighs 0.2 H . It would give higher counting rates in a 
spectrograph especially designed for trace determinations.” 


Miscellaneous 

A number of successful applications of fluorescent X-ray spectro- 
grap y were made for analysis of microgram quantities, using pre¬ 
concentrated samples. Rhodin t 50 ], in his studies of thin oxide films 
stripped from steel samples, reported sensitivities of 0.037, 0.061, and 
0.175 ng/cm for nickel, iron, and chromium. 

Campbell and Leon [ M ] combined selective oxidation with 
fluorescent X-ray spectrography to determine arsenic and antimony 
m lead m parts per million. These impurities were found to be 
concentrated in the surface layers after selective oxidation. 

Baretadand Refsdal [ 3 ] found limits of sensitivity of 10 “* to 
10 Mg for chromium, iron, nickel, selenium, zirconium, dysprosium, 
“ d . th ° nu , m ’ ba8ed ° n Iine intensi ties 10% above back- 
SLnrt n r t ba ? kgrC T d measurements were based on empty 
support films to obtain theoretical limits. As mentioned earlier; it 
was found advantageous to reduce X-ray scattering by evacuating 
the sample chamber, thus significantly lowering the background, 
and J? avi8 . and 4 H 1 oeck t using chemical ashing of residual fuels 

Su tvTf 8 ? preconcentra te vanadium and nickel, were 

b e to det ermine 1.3 ppm of nickel to ±2.3% of the quantity 
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present and 0.4 ppm of vanadium to ±10%. The starting sample 
ranged from 5 to 20 g. The line intensity for 2/ig of nickel was 
approximately 100 counts/sec, with a background of 150 counts/sec. 

Addink H analyzed for zinc in blood in the 3- to 10-ppm 
range by using 5-ml samples of blood, which were then dry-ashed 
at490°C; he did not state the lower limits of detectability obtained 
by this method. 

Cavanagh [ 18 1 analyzed for six impurities in high-purity iron 
(niobium, tantalum, hafnium, zirconium, uranium, and thorium) by 
electrolytic separation of iron (by mercury cathode techniques) 
followed by evaporation of the residual solution. The evaporated 
residue was transferred to a Mylar membrane and placed in a 
fluorescent X-ray spectrograph. A sensitivity of better than 0.5 ppm 
for a 10-g sample was reported. More recent developments in 
fluorescent. X-ray spectrography instrumentation should make it 
readily possible to extend the limit to at least 0.05 ppm for 10-g 
samples, equivalent to 0.5 ng for each element. 

Kehl and Russell [ 39 | used fluorescent X-ray spectrography in 
an investigation of oilfield waters as a source of uranium. The 
uranium was precipitated from solution and then ashed. The authors 
reported that as little as 10/zg of uranium could be determined, 
which was equivalent to 0.01 ppm for starting samples of 1 liter. 

Hirt, Doughman, and Gisclard [ 36 1 determined the heavy-element 
content of airborne dust by drawing known volumes of air through a 
glass-fiber filter disk; this disk was used as the sample support in 
an X-ray spectrograph. The limits of detectability ranged from 0.5 
to 8 fig for elements between atomic numbers 23 and 82. As in other 
examples cited, recent improvements in instrumentation would 
increase the sensitivities determined by this technique. 

Ion-Exchange Membranes 

A number of investigators have used ion-exchange membranes 
I 49 1 for separation and collection of trace elements in solutions. 
These membranes also serve as the sample support in the fluorescent 
X-ray spectrograph. Grubb and Zemany l 29 1 demonstrated that 
cobalt in concentrations of 1/xg/lit.er (0.001 ppm) could be analyzed 
by collecting the element on a cation-type membrane and measuring 
its X-ray intensity. In 1956, Campbell and Carl [ 12 1 discussed various 
possible applications of ion-exchange membranes in fluorescent X-ray 
spectrography. 
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TABLE VIII 

Reproducibility of Zinc Analysis Using Ion-exchange Membranes* 


Mam bran* 


Zinc, hq 


Deviation, % 



*Amb«rpl«x C-l cation «chan 8 . membrana, 200 M fl cobalt addad to O.OIN HCI, 24 hr reaction time 


Ion-exchange membranes and ion-exchange filter papers provide 
a reproducible support for microgram quantities, thus making high- 
precision trace analysis possible. The reproducibility of zinc analysis 
using a cation-exchange membrane as both the collector and sample 
support in the 200-ppm range is demonstrated in Table VIII. Total 
counts for each intensity measurement were 25,600; therefore, most 
of the deviation in Table VIII can be attributed to counting 
statistics. The sample holder used in this study held (Fig. 1) the 
membrane between two sheets of V.-mil Mylar; the location for the 
membrane was marked on the bottom sheet. The design of this 
older is not the best for long-wavelength radiation as there are ab- 
so^tion losses m the Mylar sheete. The Mylar also contributes a sig- 
mficant fraction of the total scattered radiation when thin 
membranes or papers are used. 

membranes and Papers studied by the author 
lne8 V from v t0 30 This thickness doea not meet the 
excent for 1 ° I> X .' ray Sickness (for example, 7/7° < 0.001) 

S Zlunt fma' WaV f engt radiati ° n - The relationshi P of intensity 
lowing equation”' “ a thin film is « iven *>y «- 

J a = (KWjR)(l- e -« f *) 




( 3 ) 
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As x increases, e~ x approaches zero; therefore, equation (3) be¬ 
comes equation (1) at infinite thickness. 

Figure 2 shows the rapid decrease in transmission when wave¬ 
length increases and the thicker Amberplex or Ionics membranes 
are used; whereas the thinner membranes or papers (Nalfilm, 
Reeve Angel) can be used efficiently in the long-wavelength region. 
In general, the thicker membranes have the advantage of greater 
exchange capacity plus rigidity in the holder, but they limit the 
sensitivity for radiation that is longer than 2 A. 

In dilute solutions the membranes collect the metal ions 
quantitatively; in more concentrated solutions the equilibrium value 
is less than 100%. Lytle l 46 1 discusses the problems brought about 
by limited exchange capacity and incomplete reaction. This problem 
was also studied in the authors’ laboratory. Table IX lists the results 
obtained for cobalt when the hydrogen ion concentration was varied. 
In a dilute acid solution, approximately 30% of the cobalt was ex¬ 
changed after 15 min, whereas only 3 to 4% was exchanged in strong 
HC1 solution. The equilibrium value for cobalt in dilute hydro¬ 
chloric acid was 84%, whereas only 8 to 9% was exchanged in strong 
hydrochloric acid solution. More detailed information is available 





TRANSMISSION, percent 
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TABLE IX 

Exchange of Cobalt as a Function of Time 
and Hydrogen Concentration 


Sample* 

Reaction time. 

Cobalt exchanged, % 

mint 

X-rayt 

Chemical} 

A-l 

15 

33.6 

30.8 

A-2 

30 

50.6 

46.8 

A-3 

60 

68.3 

64.8 

A-4 

90 

71.1 

74.0 

A-5 

120 

77.2 

78.0 

A-6 

200 

80.9 

82.4 

A-7 

350 

79.8 

82.0 

A-8 

500 

84.9 

83.6 

A-9 

1500 

84.0 

84.0 

B-l 

15 

3.6 

_ 

B-3 

60 

6.8 

- 

B-6 

200 

9.6 

10.8 

B-9 

1500 

8.6 

7.6 


*A - 25-ml tolution with 250 pg of cobalt. 10 ml concentrated HCI per liter. 

B - 25-ml aolulion with 250^0 of cobalt, 100 ml concentrated HCI per liter, 
f Eberbock mechanical shaker setting, 55. 

| Based on chemical value for A-9. 

(Cobalt remaining in solution determined colorimetrically by A. Prokopovltsh, former chemist. Bureau of Mines, College 
Park. 

from numerous textbooks on this subject and from various 
manufacturers,* some of which are listed below. 

The Permutit Company H. Reeve Angel and Co., Inc. 

50 West 44th Street 9 Bridewell Place 

New York 36, New York Clifton, New Jersey 

Rohm and Maas Company Ionics I neorporatcd 

Amberlite Division 152 Sixth Street 

Philadelphia, Pennsylvania Cambridge 42, Massachusetts 

National Aluminale Corporation 
6218 West 66th Place 
Chicago 38, Illinois 

Grub and Zemany [ 29 1 required extensive periods of time, 24 
hr or more, to extract small amounts of cobalt from 1-liter samples. 
"Omission of other manufacturers docs not imply endorsement of those listed. 
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TIME, minutes 

Fig. 3. Variation in exchange rates as a function of volume and type of stirring. 

Equilibrium can be obtained more rapidly by using smaller volumes 
or by increasing the number of collisions of the ions with the 
membrane per unit time. Data given in Fig. 3 show equilibrium has 
been approached after 200 min for the 35-ml solution, whereas the 
260-ml solution has been 50% reacted. Ultrasonic agitation,* as 
compared with mechanical stirring, increased the reaction rate by 
approximately a factor of four. This increased reaction rate may be 
necessary for applications in process control when time is an 
important factor. Using powdered or liquid resins, Van Niekerk and 
De Wet L ] decreased the reaction time to 5 min. 

Mutual enhancement and absorption of X-rays by elements in 
the sample are also observed in ion-exchange membranes. Figure 4 
shows the enhancement of the Co K a line when zinc is added to the 
solution. These samples were prepared by adding Amberplex 
membranes, C-l type, to solutions containing varying amounts of 
cobalt ions plus 0 to 200 M g of zinc. Zinc K a and Kp lines are both 

•Theauthore were assisted in these studies by Charles B. Kenahan, chemist, College 
Park Metallurgy Research Center, Bureau of Mines. 
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COBALT, micrograms 
Fig. 4. Enhancement of Co K a by zinc. 


on the short-wavelength side of the Co K edge; thus, they serve as 
strong sources of excitation. Absorption is demonstrated in Fig. 5; 
the cobalt ions are strong absorbers of ZnA a radiation. 

Applications 

Van Niekerk and DeWet [ 65 l determined uranium in barren 
sulfate effluent from ion-exchange columns, using ion-exchange 
techniques. The major ionic constituents of these solutions were 
Fe 2+ and Fc 3+ (total, 4-6 g/liter), Mn n (4-6 g/lilcr), Al s+ (4-6 
g/liter), and SO 3- (20 g/liter). By shaking 500 ml of the solution for 
5 min with 2 g of an anionic resin, filtering, washing, and drying the 
resin by suction and then placing it in a suitable holder, 1 ppm of 
uranium could be determined with an accuracy of ±5%. Limits of 
detection were extended to 0.1 ppm for solid resins and 0.2 ppm 
for liquid resins. 

Horton and Moak [ 36 1 determined microgram quantities of 
thorium in zircaloy II, using a simplified ion-exchange technique. 
The zircaloy was dissolved and an ion-exchange membrane which was 
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ZINC, micrograms 

Fig. 5. Absorption of Zn K a by cobalt. 


added to the solution was then washed, dried, and subjected to X-ray 
analysis. The standard deviation for starting samples of 1 g was 
±10% at 5 to 6 ppm. 


^mpbeH, Leon and Thatcher [«] determined microgram 
qu ntmes of iron and copper in low-grade copper ores, using cation- 
exchange membranes. Results obtained by this method and by 
chemical techniques agreed. J 

We, 5° n > and Gaines [ 60 ] determined the quantity of 
potassium liberated from the surface of ground-mica samples by fo n - 
^chang^membrane techniques. Their procedure gave a precision of 
in the 5- to 150-fig range. 


DISCUSSION AND CONCLUSIONS 

ttt*S 0f ‘ he ,“ te u tUre “ d the Bure ““ » r Mine, 
experience in this field reveals that fluorescent X-rav sueotro- 
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For class-2 samples, limits of detectability range from 0.01 to 1 ng , 
depending on the element being determined and the concentration 
method used. 

The stability of the X-ray tube and detector circuits are ex¬ 
tremely important at the lower limits of sensitivity because of the 
poor signal-to-noise ratio, which can be less than 1 :200. Multi¬ 
channel analytical systems do not require critical stabilization of the 
X-ray-tube output because the monitoring channel compensates for 
this type of drift. However, electronic drifts in any one of the 
detector circuits or changes in one of the X-ray optics due to 
variation in temperature are not corrected in multichannel systems. 
Highly stabilized single-channel spectrographs should give sensitivi¬ 
ties equivalent to those for multichannel units, but twice the counting 
time is required. This limitation may be important when counting 
times of l /i to 1 hour are required. 

Both the reproducibility and accuracy of background measure¬ 
ments are critical; therefore, the technique proposed by Hale and 
King is recommended [ 30 ]. Variations in background intensity due 
to physical or compositional differences are minimized by making 
background measurements close to the analytical line. Pulse-height 
discrimination is desirable since it will limit measured background to 
X-rays with energies approximating that of the element being deter¬ 
mined; multiordered (higher energy) X-rays do not scatter the same 
as do the lower-energy, radiations; therefore, they should be ex¬ 
cluded for the measurements. 

When reliable standards are available, calibration of the X-ray 
spectrograph is comparatively simple because the background con¬ 
tribution can be exactly determined. The authors believe that, in 
general, such standards are not available; thus, the analyst’s 
individual skill will be very important. The most difficult decision is 
to determine what fraction of the total count represents the line and 
the background. This is particularly difficult when some component 
of the X-ray spectrograph (especially the X-ray tube) contributes 
spectral lines of the element being determined. The usual practice is 
to obtain the spectral distribution of the scattered radiation from a 
high-purity low-atomic number sample, such as a hydrocarbon. This 
procedure is satisfactory for major or minor constituents, but when 
trying to attain the ultimate limits of a spectrograph, impurities in 
the scatterer must also be considered. X-ray tubes free of spectral 
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impunues »„„| d be especially h ^ 

in one of the early papers on fluorescent X-ray spectrographv 
Fradman, Bjrks, and Brooks [•>] stated that 10 / m KZ*™ 
*«» a»ld be determined to approrimamly ±1 p / m ^ 
ofl 1 ppm should be detectable for counting times 

1 tvoe oniT" t0 . S ‘ ate ' ? 1 U the^fore justified to claim that 
the type of X-ray spectrograph now available is capable of perform- 

ttora^Th 68 m n 6 Fange ° f PartS PCr miUi0n under fay orabIe condi- 

jWied reP ° rt in thiS Paper Sh0w that their claims we * 

8 U8Ua l m 8 paper of tilis ty P e - 80me comments as to possible 

InomaT are r mduded - The authors feel the most promising 
PP , 18 modification of the excitation process. Although the 
authors plan to cover this aspect in detail in a subsequent paper the 
following is a brief summary of their calculations. ? 

Q . t onstan t-potential power supplies are most effective in the 
dxo -wavelength region; the gain is usually less than 2, and there 
is little improvement in the line-to-background ratio. 

examiilp fftn^ 0 tagG - X ray tubes P ermit a gain in intensity; for 
example, 100 kv permits a 4- to 6-fold gain in intensity for elements 

Tveln^er 1116 "! 50 - ^ gain decrea «* ra P id,y aa 

rusuaSvIn ! mprov r ent in the hne-to-background ratio 

e a f“l'“b l x a eX: asst 

3.Inth elong . wave ) ength region, greater ^ 3 A iable 

tubes and SecL 2 ^ 0 50) iT CXpeCted when window ^ X-ray 
Phi,in« Fl f .^rs^’ ray ' tube targets are used. Calculations by 

SdS roWC8[ i“ d b * the B "™" *P» H»t this approach 
Should result in a marked increase in intensity. 

line to hi? 6 1_ * 2 ' A wav ®l®ngth range a substantial gain in the 

the StT™ v T'° ^ * achieve<l b » “ leclive Wlmtion of 

“iTtTJtw! Red " d, « the l »««‘-«o^mple distance 

s 7J“ compensate for loss in total primary radiation. 

5. Excitation by electrons rather than higher-energy nrimarv 

™XXSor,V7 promi8ing ' p-w-bTuTES 

wavelength region. Refractory metals such as tungsten, because of 
eir higher melting point and good electrical and thermal DroDerties 
are particularly adaptable to these studies. Parties, 
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Soma rocont advances in technique and interpretation in high-resolu- 
tion, precision X-ray spectrometry are reviewed. Topics discussed include 
improvements In X-ray generation and detection systems, the "thickness 
effect" in X-ray absorption measurements, temporal changes in the spectro- 
metric properties of analyzing crystals, and computational techniques for 
correcting spectra for instrumental resolving power and for the effects of 
inner electron states. Applications of these advances to the investigation 
of the electron energy band structure of solids, to studies of crystal perfec¬ 
tion, and to the establishment of precision X-ray wavelength scales are 
also discussed. 


This review is concerned with recent advances in technique and 
interpretation in the Held of precision, high-resolution X-ray 
spectrometry. It is, of course, not practicable to consider here in 
a comprehensive way the various developments in this broad and 
complex field. One can at best hope to present a bird’s-eye view of 
the subject and highlight a few of its special aspects. References to 
pertinent literature are, however, included to assist further inquiry. 
To state the area of discussion more precisely, the review is concerned 
with X-ray spectrometry in the crystal region (l xu ^ X 20 A) 
using instruments which have a numerical resolving power (R = 
A/AX) in the range of 10 4 to 10 6 , and which are capable of measuring 
a wide range of X-ray intensities with a precision of 0.1% or better. 
We shall consider in turn (I) some of the areas in which high- 
resolution spectrometry is of interest, (11) the general nature of the 
problems encountered, and finally, (III) a few specific examples of 
recent work in the field. 
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aiuJtiv^f Mm bgh r res ? lutlon s P«ctrometry is difficult and ft* 

from thl S * mUCh te f d '° US labor: the incentive for doing it comes 
from the importance of its applications in the investigation of 

8 Va t Fiety / fl6ldS - F ° r example - in solid-state physi^ 
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important characteristic X-ray spectra is of fundamental 

chemical propertie^of tiuj ^^ nderstandin ® various physical and 
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The nuclear physicist also has need of precise values of X-ray 
wavelengths in his determinations of the energy levels of the nucleus 
[ 4 ], The radiation emitted when an excited nucleus makes a transition 
from one state to another often interacts with the rest of the atom in 
sucha way as to eject an inner-shell electron—a “conversion electron.” 
A measurement of the kinetic energy of such a conversion electron 
combined with a knowledge of its binding energy in the atom gives 
the energy of the radiation which was emitted in the nuclear transi¬ 
tion, and thus the difference in energy of the two nuclear states 
involved. Since the binding energy of an inner-shell electron in an 
atom is determined from the wavelengths of the X-ray absorption 
edges, the precision with which these X-ray wavelengths are known 
influences the precision with which the energy levels of the nucleus 
can be determined. Precise measurements of the wavelength and 
shape of X-ray lines are also of interest in nuclear physics for the 
information they contribute to the problem of the finite size of the 
nucleus and to the study of vacuum polarization and other quantum 
electrodynamic effects f 6 ]. 

As a final example of the importance of high-precision, high- 
resolution X-ray spectroscopy, we may mention the role it has played 
in the determination of atomic constants, especially in the deter¬ 
mination of h/e, and in the determination of the conversion constant 
A between the grating and the crystal scales of X-ray wavelengths 
[ 6 ’ 7 1 

II. The general nature of the instrumental problems encountered 
in high-precision, high-resolution X-ray spectrometry, and in the 
interpretation of the spectra obtained in such work, can perhaps be 
illustrated most easily by a consideration of questions such as the 
following: What is meant by the wavelength of an X-ray line and 
what is the intensity of the line? What is the value of the inter- 
planar spacing for a given set of crystallographic planes in a crystal? 
What is the resolving power of a spectrometer, and how are the 
distortions of the incident spectrum by the finite resolving power 
of the spectrometer to be treated? In situations where results of 
moderate precision suffice, there is little ambiguity about the answers 
to these questions. The answers become less and less simple, however, 
as greater and greater precision is required. 

When examined in detail, most X-ray emission lines are found 
to be asymmetrical and many have quite complex shapes. The ob¬ 
served shape of the line and its intensity relative to other lines 
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in the spectrum are affected by the distortions caused by the finite 
resolving power of the spectrometer and by such other factors as 
the conditions under which the line is excited, self-absorption in the 
target, absorption in the X-ray path, the nature of the background 
radiation which underlies the line, and the stability, linearity, and 

W f Ve * ei ?f th 8en8ltlvlt y of the detection system. The precision with 
which the analyzing-crystal lattice spacing and the Bragg angle are 
nown also enters into the problem of wavelength determination, 
hen angles must be measured to a small fraction of a second of arc, 
e eman s on t e alignment, the stability, and the accuracy of the 
angle-measuring devices become extremely severe. But even assuming 
mat all of the factors mentioned above have been considered and 

thrS" aCC ° Unte ? f ° r ’ the que8tion of what the wavelength of 
l t! ” iaina - rguments have been presented for and against 
selling the intensity peak of the line, the bisectors of horizontal 
chords the centroid, etc., but the question is still an open one 
L J. So also is the question of the theoretical significance of these 

vanous measures of wavelength in terms of the fundamental processes 
ol X-ray emission. F 

• As has been mentioned previously, wavelength and lattice 

he ouir r TTf y , related by the Bragg ,aw ’ and the answer ‘0 
virr ab ° ut the f lattice parameters of a particular crystal in- 

n ^. ® e factors that have been discussed above in 
—r th t | ! ) ,r termina t ion of wavelength. For example, the 
te nf£ y8, t d fj acU ™ P attem of a cr ystal depends on the 
The SfficSt ^IZ tra J dlstnbu ti°n of the radiation used to observe it. 

° f makmg accurat e (as distinct from precise) measure- 
S ofTr rameterS 8 ilIu8trated b y the fact that a recent 

laboitorL f o tt,CC P ara ? eter measure ments made in different 

theconceptof resolving power be carefully examined. 

n speci ying the numerical resolving power R ( = \/A\) of a 

E 77Z™ m TT* l he wavelength interval ^ 

SvslTl^ Tff: 0 Sb0th the ge0metr y of the spectrometer and 
the physical diffraction patterns of the analyzing crystals. In high- 
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resolution work it is usual to arrange the geometry of the spectrom¬ 
eter so that the diffraction patterns of the crystals are the major 
factor in the resolving power. It has been usual, also, to take the 
width at half maximum of the diffraction pattern as determing A\. 
These procedures enable one to calculate a value for R as a figure 
of merit for the spectrometer. However, as will be seen below, the 
number so obtained is not necessarily a valid measure of the distor¬ 
tion of the incident spectrum by the spectrometer; in any event, it 
gives no assistance in the problem of correcting the observed spec¬ 
trum for such distortion. The difficulty here lies in the fact that a 
single number is insufficient to characterize the shape of the spectral 
window of the spectrometer, and that the details of this shape, 
particularly the extent and relative magnitude of the tail regions, 
can very strongly influence the nature of the distortion produced. 

A more general and more powerful approach to the problem is 
provided by the convolution or folding equation 

0(v») = J" T(v) M{v 9 -v) dv (1) 

where 0(v,) represents the observed spectrum as a function of the 
frequency v, T(v) is the “true’’ incident spectrum, and M{v a ~v) 
is the spectral window or measuremental smearing function.* 
The “true” spectrum, T(v ), can in principle be obtained by Fourier 
inversion of equation (1), provided that 0(v) and M(v a -v) are known 
and that the Fourier transforms of these functions exist. 

The convolution equal ions are, of course, not new. With appro¬ 
priate changes in terminology one finds them used in a very wide 
variety of measuremental situations. The point to be especially noted 
here is that in order to obtain a unique solution for T{u ), one would 
have to know 0(v) and M{v a -v) with absolute accuracy. This condi¬ 
tion is never fulfilled in any real situation because of the inevitable 
presence of noise. In the cases of interest here, the noise results 
from fluctuations in X-ray intensity caused by fluctuations and drift 
in the X-ray tube voltage and current and in the intensity distri- 

*ln the case of the two-crystal spectrometer, for example, will include 

the effects of (a) the geometry of the collimating slits, (b) scattered and fluorescent 
radiation (especially from the second crystal), (c) highcr-ordcr spectra, (d) frequency- 
dependent absorption in the X-ray path, (c) frequency sensitivity of the detection 
system, and (0 the diffraction patterns of the analyzing crystals in the anti- 
parallel position. 
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butoon in the focal spot, from fluctuations in the response of the 
detection system, and ultimately, from the statistical nature of the 
X-ray emission process and the background radiation. One can never 

ito Sf^tsT^ y ;J he ^ 9 \ that ° an ** d0ne is try to minimize 
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8 ^ em or to ob taming quantitative estimates of the effects 

23 Wit U WhiCh a “ true ” 9pectrum can deter- 
however ’ tbe problem of correction in the presence 

s^tre «r i treated , “ “ 8pecifical * for X-ray 

optimized correction procedure has been obtained 

V“®. det f lIs °f the Procedure are too complex to permit 

currentlVn" but l b e method certainly represents the best 

X-ray spectra! ^ 6 treatment of the resolvin g power problem for 

tinn The discussion of the preceding sections has given some indica- 
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and of f heS ® properties and of the problems of selecting 
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would Hke to V, spectrometer spectral window, one obviously 
would like to have crystals which have very narrow diffraction 
patterns with very small tails. When, in additton, one requires that 

^ *» “■>* »«> time and ZTey £ 
SSL'S^ ta w* and X-rey,, that the pnrceni re- 
flection be conveniently large, and that the grating space be in a 
onvement range, then the range of choice of suitable crystals is 

ofthel^MlT^by^dudnc the^^ y ** '" C 7 (f aSed either by '"creasing ihe intensity 
High-power X-ray tubes Tor flu™ ^ haV ® been made in both directions. 
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radiation and in the investigation of Qatari “ ** reduct,on of background 
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reasonable goal) and m the ' r ^ and Current is “ 

system, especially to the matters of h ! * y *° characteristic8 °f the detection 
designed and tesLd n ™-7 ° fhyateresi8 and fa ««ue in the detector. Carefully 

useful, the balance of*the arguments fo^th an< * 80mti,lation 00unter systems are both 
individual problem. r * ° ne M ^ 1181 t * le other depending on the 
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very greatly narrowed. Among the natural crystals, calcite, quartz, 
and beryl have all proved useful, quartz being somewhat more 
generally useful than calcite, and beryl having its use primarily in 
the longer-wavelength region out to about 12 A. 

The problem of determining the shapes of crystal diffraction 
patterns is a very difficult one. In the case of the two-crystal 
spectrometer, one is interested in the diffraction patterns obtaining 
in the antiparallel (dispersive) positions of the crystals, e.g., the 
(1,-|-1) position. Attempts to observe such patterns directly are, how¬ 
ever, frustrated by the fact that the finite spectral spread of the 
incident radiation (i.e., the natural width of the X-ray line used) 
is comparable with or larger than the crystal pattern width, and thus 
seriously distorts the patterns. This distortion could be corrected 
for if one had an accurate knowledge of the true shape of the X-ray 
line, but, as we have seen above, to obtain this true shape one-needs 
to know the details of the spectral window of the spectrometer used 
to observe it. 

Theoretical considerations, such as those of the Darwin-Ewald- 
Prins theory of diffraction of X-rays by crystals, are of limited help 
in this problem. Detailed calculations based on this theory have been 
made for only a few cases, and the assumptions of the theory restrict 
it to the consideration of the radiation coherently scattered from 
perfect crystals with identical diffraction patterns. Since incoherently 
scattered and fluorescence radiation may make a considerable contri¬ 
bution to the tails of the pattern, and since in any practical case one 
has no a priori assurance that the crystals are perfect or that they 
have identical diffraction patterns, the theory is useful principally 
in providing a guide as to what one may expect in the ideal case. 

One can obtain some indirect information about the crystal 
patterns from a consideration of the two-crystal spectrometer rocking 
curves taken in the nondispersive (parallel) position of the crystals, 
e.g., (1,-1) rocking curves. In this position the dispersion of the 
spectrometer is zero, or very nearly so, and the wavelength spread 
of the incident radiation is of little importance. Such (1,-1) curves 
represent a fold of the single-crystal diffraction patterns of the two 
crystals. This fold is not the same as that represented by the (1,+1) 
rocking curves, but it may, nevertheless, be used as a reasonable first 
approximation to the (1 ,+l) case, at least as far as the central region 
of the pattern is concerned. 

Recently a study has been made of the spectrometric properties 
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of natural and synthetic quartz [“]. The quantitative aspects of the 
study are specific for the particular crystals involved, but certain of 
the qualitative conclusions probably have quite general applicability 
for crystals used in surface (Bragg) reflection. For instance, the 
nature of the rocking curves, and inferential! y that of the single¬ 
crystal diffraction patterns themselves, is critically dependent on the 
preparation of the reflecting surface. It is possible by very careful 
selection and surface treatment to obtain crystal pairs with rocking- 
curve widths which closely approach the theoretical limits. On the 
other hand, the rocking curves for most crystal pairs, even for those 
cutfromthe same piece of raw material, show appreciable asymmetry, 
indicating that the individual single-crystal patterns are different. 

Above the half-maximum ordinate, the rocking curve shapes can 
be matched well to either a Gaussian or a Lorentzian (classical dis- 

JSTtl TT‘ ft™ the haIf - maximum ordinate and in the region 

whereht/ °[° UrVes ’ the curves dually fall some¬ 

where between the Lorentzian and the Gaussian. The tails of the 

rocking cuives eventually cross over and rise above a Lorentzian 

l^Wtoe eenmatChed at th6Peak aDd halfma!dm " m ' but 
/T Ver PWntS may be symmetrical for a given 
2“ °f C f T taIs and position of the crossover may vary by a 
factor of from two to ten for different pairs of crystals Findlv 

b J, by , means least in importance, the width of the rocking curve 
tiesofS° rdinate / VeS n ° 8Ure “on 
WetlatiX h L™ kb * ourvi. 
been observed whiob h 6Xta ” SIVe tails and mce wrsa. Curves have 
which have ouite Hifr ^ tBe 881116 widtb at half maximum but 

to u,eir r' ls - *' or 

in detail the spectrometricnm^It r’u 1 necessar y t0 determine 
If an appreciable range ofwaveWth is he . 8pe ® ,fic cr y 8taI P a »r used, 
range includes or is in the vicinitv of an ® being . inve ® tl K ated - <>r if the 
in the crystal, the spectrometri/ & absor P tl on edge of an element 

as a function of wavelength. pro P ertles must also be determined 

high-resolution spec^rometoy 00 w^cb ° f 8 ° me 8pecifi<! work in 
with different aspects of the mea^i °° Se two concerned 

efficients. rement of X-ray absorption co- 

of in - 

P hen absorption measure- 
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merits are made with a high-resolution instrument. It has been 
observed that when such instruments are used, the measured value 
of the absorption coefficient for certain materials depends on the 
position of the absorber in the X-ray path. Parratt el al. report 
measurements with a two-crystal spectrometer [ 13 ] in which they dis¬ 
tinguish three positions: (1) between the source and the first crystal; 
(2) between the two crystals; and (3) between the second crystal and 
the detector. The ratio I/Io of the intensity recorded by the detector 
with an absorber in the X-ray beam to that recorded with no absorber 
in the beam was measured for each absorber for each of the three 
positions. For materials such as aluminum and copper foils, the three 
I/h values were in close agreement, but for graphite blocks and for 
briquets of polystyrene latex spheres, the I/h value in position 2, 
between the crystals, was lower by a factor of about two to three than 
the value measured in either of the other positions. The explanation 
of this phenomenon lies in the very high angular collimation of the 
X-ray beam provided by the spectrometer, and in the fact that the 
absorbers for which the effect is large are materials which have a 
significant amount of small-angle, ultra-small-angle or multiple 
scattering. The collimation of the transmitted beam, as well as the 
acceptance range of wavelengths, is essentially determined by the 
Bragg reflections from the two crystals of the spectrometer. With 
high resolving power, the angular spread of the collimated beam may 
be only a few seconds of arc, and radiation undergoing small-angle 
scattering at angles greater than this will be removed from the beam, 
thus leading to a lower value for I/h in position 2. In position 
1 small-angle scattering into the beam largely compensates scattering 
out of the beam, and in position 3 the angular width of the detector 
slit is usually great enough to allow the small-angle scattering to enter 
the detector. The differences in the I/h values in the various 
positions are a measure of the small-scale inhomogeneities of electron 
density existing in the absorbers, but a detailed interpretation of the 
relation is difficult in the present stage of development of small-angle- 
scattering theory. An important point to be recognized here is that 
the small-angle scattering is a many-atom cooperative phenomenon. 
If one is making measurements with the intention of obtaining atomic 
(i.e., per atom) absorption coefficients, then the cooperative scatter 
ing intensity should be included in the transmitted beam. Measure¬ 
ments made with the absorber in position 2 effectively exclude this 
scattering and, thus, will give too high a value for the atomic 
absorption coefficient. 
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Our second problem is concerned with the “thickness effect” 

IdW “«i a8 ^ men ! ° f X ,~ r ? y absor P tion 8 I**tra near absorption 
edges L i-The nature of the effect can be seen most readily by 

examining ig. 1, which is taken from reference 14. This figure 
^ experiments 1 absorption spectrum of chlorine in 
crystaihne KC1 near the region of the chlorine K absorption edge. 

k for TT u° Wn ’ the one with the hi S hest P^k ^ 

is for the thinnest absorber, 35,000 A, and the curves with the middle 
2« inn T UCS 84 A f re I 0r absorber thicknesses of 140,000 A and 
™ "***"&■ much of the region the three curves 

W hm expenmental error > but in the region of A and 

nowr nf r nC68 arC 8triking ' Thi8 effeCt 100 invoIves tbe resolving 
tho «n l SP , eCtr ° meter ’ in Particular, the efTects of the tails of 
the spectral window in smearing the spectrum. 

In practice, curves such as those in Fig. 1 are obtained by 



edL abs0ipti0n s P ectruln in the region of the K 

“ r'T ? KCL Three thicknesses 

T*"® 6 * 1, m ^ neral - thinner the absorber the greater the 

Ste the aw“ ent ' l ** Ch ° iCe ° f zero of the'ordinate 
acale.the absorption coefficients refer to the chlorine K electrons 

fa addSTTe ° btained if M ' ««. « 370 

• 10» A tS a^in^ A t0T ** 35 • 10> A ’ 140 
A 235 1 10 A curve . respectively. (The Pd la, 

^d and W wavelen 8 th ) Parratt, Hemp- 

stead, and Jossem, Phys. Rev. 105,1228 (1957). ^ 
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determining the transmission spectrum of the absorber, i.e., I/I o 
vs frequency, and converting the transmission curve to an absorption 
curve by the usual relation ln(///o) = nx. The “Thickness effect 
can best be understood in terms of the transmission spectrum, and, 
by analogy to equation (1), one can write the following expression: 

0( v,) = k ^ o; Io(v) T{v)M(v,-v)dv (2) 

where here 0(v) is the experimentally observed transmission 
spectrum, k is a constant with the dimensions of reciprocal frequency, 
Io(v) is the incident intensity, T(v) is the “true” transmission 
spectrum, and M(p,-v) is the spectral window of the spectrometer. 
With this in mind we examine Fig. 2, which is also taken from refer¬ 
ence 14. In the upper section of this figure are plotted the “true” 
transmission curves for a thick and for a thin KC1 absorber, for the 
case in which the incident intensity Io(v) is taken to be constant. In 
the bottom section is plotted the spectral window M{v,-v) of the 
spectrometer as it would appear if the frequency setting dials of the 
instrument were set at v,. Note the great asymmetry of the trans¬ 
mission curves and the fact that the transmission on the low- 
frequency side of the absorption edge is larger for both absorbers. 
Remembering equation (2), one can see that although the spectral 
window may be relatively narrow at half maximum, there will 
nevertheless, be a considerable contribution to the observed 
transmitted intensity from frequencies in the range of the window 
tails, and especially from the tail on the low-frequency side. One can 
see also that this integrated “leak-through” intensity from the tails 
will be relatively more important for the case of the thicker absorber 
and will result in a higher observed transmission ratio and, therefore, 
in a smaller observed absorption coefficient. 

The “thickness effect” is of interest not only as an example of 
the resolving power problem, but also because, as is discussed in 
detail in reference 14, it provides another way of obtaining informa¬ 
tion about the shape and extent of the tails of the spectral window. 

Most of the material which has been discussed so far in this 
section has been concerned with instrumental effects and problems 
in high-resolution spectrometry. Extremely important advances have 
also been made in the interpretation of X-ray emission and absorp¬ 
tion spectra in terms of the fundamental electronic processes in solids. 
The principal developments in such interpretation, and in the con- 
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purpose if they have provoked sufficient interest to send the reader 
to the original literature. 
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The Vacuum X-ray Quantometers 
as Applied to Raw Materials for the Iron 
and Steel Industries 

B. R. Boyd, H. T. Dryer, and G. Andermann 

Applied Research Laboratories 
Detroit, Michigan 


During 1960 ARL introduced the first commercial multichannel vacuum 
X-ray spectrometers for the simultaneous analysis of several elements. 
These instruments have been applied successfully to the analysis of many 
of the raw materials used in the steel plants and related industries. A 
report will be presented covering the techniques employed and the results 
obtained for various iron ores, sinter, slags, and pig iron. Factors relating 
the speed of analysis to production-control problems will be discussed. 


Last year at this symposium I discussed the design concepts of 
ARL’s approach to X-ray instrumentation and the application of 
vacuum techniques to multichannel X-ray spectrometers. I would 
like to review briefly some of these instrument concepts and then 
show how they apply in particular to the analysis of materials for 
the iron and steel industries. 

In the design of X-ray equipment, alternate approaches may be 
taken to provide the features of the instrument thought to be desir¬ 
able. Some of the more important of these alternates involve: type 
of system -monochromator or polychromator; crystal selection— 
curved or flat, and material; radiation detectors; radiation path—air, 
helium, or vacuum; and measuring or readout system. Experience in 
the manufacture of optical emission Quantometers has demonstrated 
the need for high speed in conjunction with high precision and ac¬ 
curacy for production control. In order to realize these requirements 
and to insure the use of optimum components for each element, ARL 
has utilized the parallel or polychromator system of analysis. Some 
of the advantages of this design system are as follows: 
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A. Provides Shortest Analytical Times. All of these spectrometers 
or monochromators are used simultaneously; thus, the total 
analytical time is regulated by the element providing the low¬ 
est intensity. The importance of this factor has been emphat¬ 
ically demonstrated as additional light element combinations 
are required. 

Optimum Choice of Components. Each element and wavelength 

“\ re r e8 , the COrreCt 861601100 of cr y stal detector, slit 
ystem, optical path, etc., to achieve the full potential of X-ray 

analysis. With the polychromator design, the required system of 

be ChOSen for a °y ^y^al program. Curved 
crystals of the appropriate material and curvature are used for 
each element to provide optimum efficiency, resolution, and line- 
to-background ratio, thereby providing high-quality analytical 

Provides Simulta^ous Ratio of Line to Internal Standard, Exter¬ 
na Standard, or Scattered Radiation. The ratio system used de- 
pends upon the specific application as previously described by 
Kemp and Andermann. An additional advantage is gained by 

controTorTtf! 1 Y &t th L C ° ntro1 channel serves as a monitor 
control on the X-ray beam intensity, thereby minimizing the 

need for frequent calibration and increasing the speed of anal- 
ysis. 

Use of Multiple Monochromators. Although this feature is gen- 
not required, improved speed or precision may be accom- 
P ed where required for production requirements. Two or 
more spectrometers can be set for one element. 

are highest ef- 

foreachchann^R d, “ rl ™M«°n against high-order resolution 

Me^re Xj'iV su,t ? ble ch ”“ and detector char- 

actenstics, physical discrimination is accomplished, permitting a re- 

2 J Cal discrimination by means of the high resolution of the 
separated from the interfering fourth-order^F iff tL £7$L 

" y ? 1 r y i des a line, neeeteiteth* 

«h. pJSS* ZtSZZg* re “" 8 8 ‘ 9 co ” !umpUw ‘ and 

0uanTIl e !t mOd - SOf ° P t ra , tiOn 8re possibIe with th ® Vacuum X-ray 
Quantometers, ,e„ air, helium, or vacuum. The air mode would, iJ 
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Fig. 1. Physical discrimination by means of the high resolution of the curved-crystal 
spectrometer. 

general, provide suitable data for many applications, e.g heavy ele¬ 
ments in minor or greater concentrations; however, recent studies 
indicate that vacuum operation provides improved data for elements 
normally considered heavy elements. 

In order to provide high-intensity X-rays for wavelengths longer 
than about 2,5 A, helium or vacuum paths must be used to eliminate 
air absorption, which increases with increasing wavelength. The vacu¬ 
um mode of operat ion would be preferred to that of helium, both from 
a cost standpoint and because of the restrictions occasionally im¬ 
posed on the helium supply. However, because helium would be re¬ 
quired for the analysis of volatile liquids for the light elements, all 
three modes are available and may he used as required. Sample cham¬ 
ber pump-down time for the vacuum mode is of the order of 15- 30 sec 
to achieve a pressure of 0.1 mm Hg. A flush time of approximately 
10 sec is used in the helium mode to guarantee high stable intensities. 

The detector current, integration system, providing a ratio of the 
element intensity to that of the control channel, is incorporated in 
the ARL design of X-ray Quantometers. The performance of this 
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type of measuring and readout system has been fully evaluated and 
demonstrated through its use in optical emission Quantometers and 
A-ray Quantometers. Reproducibility of the order of 0.1-0.2% is 
readily available with this measuring system. 

, , 0 laboratory types of instruments are currently manufactured 

by ARL. Both are based on the polychromator design and differ only 
m the size of the program which can be accommodated and the physi¬ 
cal size of the instruments. The VPXQ, shown in Fig. 2, is the larger 
ms rument, capable of handling up to 22 elements simultaneously in 
an ana ytica program. The VXQ, a smaller instrument shown in Fig. 
d, is capable of handling up to nine elements and, being physically 
smaller, may be used as a desk unit. In addition to the fixed mono¬ 
chromators, curved-crystal scanning monochromators are available 
in both instruments to provide added flexibility. 

... F °/ t L hese two instruments, the VPXQ and the VXQ, the versa- 
i ity of the scanning monochromators has been combined with the 
inherent polychromator advantages-speed of analysis and optimum 
choice of components. The unitized design features of these instru¬ 
ments present the analyst with a choice of expandable instrumenta- 


Fig. 2. The VPXQ instrument. 
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Fig. 3. The VXQ instrument,. 


tion best suited for his needs in either research or production-con¬ 
trol application. 

There are many areas of analysis which have succumbed to 
X-ray fluorescence techniques in the production of iron and steel. 
The first really valuable application was the analysis of highly al¬ 
loyed steels such as stainless and tool steels. The next was the 
handling of some of the ferro- alloys, ferrous manganese and ferro- 
chrome. 

I wish to talk specifically about the application of X-ray anal¬ 
ysis, both real and potential, to the initial stages of steelmaking, 
namely, the blast-furnace operations. This phase of steel making has 
been going through a major overhaul during the past ten years. The 
tools of automation are beginning to shape up as never before in all 
areas of product control, and both optical-emission and X-ray fluor¬ 
escence are playing key roles. Table I shows the various materials 
requiring rapid analytical control. 

Iron ore, the main basic material for the blast furnace, must be 
available with specific levels of concentration lor Fe, Si, and P, since 
furnace melting control is geared to rather narrow limits. Ore is usu- 
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TABLE I 

Blast Furnace Operations 






Composition, % 




Fe 

Si 

/An 

P S 

Ca 

Al 

Mg 

Concentrated ores 

50-68 

1-15 

0.1-5 

0.05-0.5 

0.1-2.0 

0.2-5 

0.1-1.0 

Concentrated taconite 

60-70 

3-10 



0.1-1.0 


0.1-1.0 

Sinter 

50-65 

2-15 

0.1 -1.0 

2 

o 

d 

2-10 

0.1-5 

0.1-5 

Blast-furnace slag 

0.1-1.0 

30-40 

0.1-2.0 


35-50 

5-15 

5-15 

Blast-furnace iron 


0.5-2.0 

0.2-1.5 

0.1-0.5 0.01-0.2 





ally concentrated and/or blended at the shipping sites to conform to 
fairly rigid specifications. The mining of ore and the blending or 
concentrating depends on the type of ore and the location of the ore 
body. Within one ore body the mineral combination of the various 
ore components can vary widely. Therefore, accurate X-ray analysis 
of ores can be fraught with difficulties. However, recent work in our 
laboratory shows encouraging results. 

Preparation of the sample involves the grinding of all nonmelal- 
lic samples in the Bleuler Rotary Mill for 1.5 min with an ap¬ 
propriate material for a binder, and then briquetting with a backing 
of cellulose powder. The briquets are easy to handle and afford re¬ 
usable samples for standards. All results shown are based on duplicate 
runs of 2.5-min instrument analysis time. 

Figures 4 through 7 show data on raw ores and one group of 
fused ores for Si02 determination. These ores are primarily mag¬ 
netite and hematite ores from northern Michigan and Minnesota. 
Figures 8 and 9 cover the concentrated taconite ores. The taconitcs 
are low-grade ores which must be concentrated before use. In the 
concentration process the ore is separated by magnetic means and 
the resulting product is fairly uniform from a mineralogical stand¬ 
point. 

In many blast-furnace operations, the ore is sintered prior to 
introduction to the furnace. The sintering is done to agglomerate 
the fine ore particles and also to improve the efficiency of the re¬ 
duction process. The ore to be sintered is sometimes mixed with 
fluxing compounds, such as dolomite, and is identified as fluxed 
sinters. Again, as in the case of the low-grade iron ores, the sintered 
ores are poor specimens as far as mineralogical combinations arc con¬ 
cerned and do not provide ideal samples for X-ray analysis in the raw 
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Fig. 6. SiOs in fused iron ore samples. 



Fig. 7. Phosphorus in raw iron ores. 
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Fig, 9. Si (>2 in concentrated taconite. 
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Fig. 10. MgO in sinter. 
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Fig. 12. CaO in sinter. 



Fig. 13. SiOj in sinter. 
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Fig. 16. Mn in oast iron. 



Fig. 17. P in cast iron corrected for high copper. 
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state. However, accurate control of these materials is not essential 
and the accuracy shown in Figs. 10-14 is adequate. 

The reduction process in the furnace also involves the control 
of the slag covering the melt since the iron yield is directly depend¬ 
ent upon proper slag composition. The combination of the slag com¬ 
pounds is not always arranged in a reproducible system and, thus, a 
fusion technique for accurate slag control is sometimes indicated. 

e analysis of ores and sinters does not involve a matter of the 
ultimate m speed. However, the proper control of blast-furnace slag 
requires a determination of the major constituents with a time from 
sample taking to reporting of results of about 10-15 min. 

Our Methods Development Laboratories in Glendale have been 
studying rapid minimum-flux fusion techniques and have developed 
one which is fairly simple and straightforward for X-ray fluorescence 
analyses. Fortunately, slags are easy to fuse and a 1:1 sample-to- 
flux ratio is employed. 

The end product of all this effort is the blast-furnace iron or pig 
iron. Since it is the Mn and Si content, rather than the carbon con¬ 
tent, which is of vital interest in the material, X-ray fluorescence 
techniques offer an area of control for blast-furnace operations. 

1 osummarize, we have presented data to show that multichannel 
Vacuum X-ray Quantometers provide effective instrumentation for 
industry an ° ther ° f the im P ortant areas of control for the steel 
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This paper describes a rapid and accurate method for the determination 
of manganese, copper, iron, nickel, zinc, titanium, and chromium in alumi¬ 
num alloys by using an X-ray fluorescence technique. The sensitivity of the 
method allows for the determination of as little as 0.01% of these ele¬ 
ments, with the practical concentration ranges being of the order of 0.1 to 
3.0%. 

A comprehensive program was carried out to measure the precision of 
the method over a ten-day period. The coefficient of variation was found 
to be 1.5% for most elements at the 67% confidence level. 

Analytical data have been obtained with a view toward employing the 
same technique for the rapid determination of silicon in the concentration 
range of 5 to 25%. However, certain variables found in this determination 
make one p r o c e ed with caution, especially when working with highly al¬ 
loyed material. These variables and their effects will be discussed in de¬ 
tail. Limited data obtained for the determination of magnesium In these 
alloys will also be reviewed. 


Within recent years the metallurgy of light-element alloys has 
enjoyed an ever-increasing prominence and importance. Throughout 
the automotive industry and among their suppliers, ambitious re¬ 
search and development programs have been directed toward the 
field of highly alloyed aluminum. That such an alloy can be feasible 
for engine construction has been reported by investigators^' 2,3 1. The 
initial dividend of this program at General Motors has been received 
through the use of an aluminum engine in the Corvair automobile. 

However, in the interim and on a continuing basis this program 
has presented certain challenges to the analytical chemists that have 


91 




92 


A. Ct Ottolim 


proven quite difficult to overcome. These difficulties are especially 
evident when applying the X-ray fluorescence technique to the anal¬ 
ysis of these alloys. 

This paper will discuss our experimental results and conclusions 
m three phases: first, a discussion detailing the difficulty of de¬ 
termining silicon in these alloys; second, the presentation of test 
data to demonstrate the feasibility of this technique for alloy ing 
elements other than silicon and magnesium; and last, the detection 
limits for magnesium. 

All data reported in this study were obtained using standard 
Norelco instrumentation, which was selected to meet the needs of 
our varied workload. The X-ray generator and control, providing 
up to 50 kv and 50 ma, is standard, except that it is equipped with 
two high-voltage leads to permit operation of two spectrographic 
units from the same source. 

One spectrograph is equipped with a bulk specimen chamber 
that allows for excitation of samples as large as 12 in. by 12 in. by 
3 in. The specimen in the bulk unit is placed on top of an aluminum 
mask and excited from the underside. The secondary radiation passes 
through the collimator to the crystal, where specific wavelengths are 
diffracted to the counter according to the Bragg equation. This bulk 
umt is used almost exclusively for elements with atomic numbers 
greater than 22 (air work). Consequently, it is normally equipped 
with fine-resolution collimators (parallel plate spacings of 0.005 in.), 
a lithium fluoride crystal, and a scintillation counter. 

The second spectrograph consists of a three-position sample 
o der equipped with a spinner for rotating samples under excitation, 
an ethylenediamine ditartrate crystal (EDDT), and a flow-propor- 
Uonal counter, all of which are enclosed in a helium atmosphere. 

I his unit is thus reserved for the determination of elements of atom- 
ic number 12 to 22. We consider it quite advantageous to have units 
available specifically for air work and helium work because we elim¬ 
inate the need for recalibration and realignment whenever the work 
dictates a change in counters and crystals. 

All secondary radiation measured by the counters is amplified 
and led to the electronic circuit panel, where the pulses are counted 
using a fixed count principle, i.e., a desired fixed level of counts is 
set into the circuit panel and we measure the time it takes to reach 
those counts. A simple division gives energy in counts per second, 
ihe circuit panel is equipped with a pulse-height analyzer which can 
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TABLE I 
Scope 


Element 

Concentration range, % 

Silicon 

7.0 -25.0 

Copper 

0.05-10.0 

Manganese 

0.05- 3.0 

Nickel 

0.05- 3.0 

Iron 

0.05- 2.0 

Zinc 

0.05-10.0 

Titanium 

0.05- 1.0 

Chromium 

0.05- 1.0 


reduce the background due to scattered radiation and thus increase 
the signal-to-noise ratio. The application of this unit for discrimi¬ 
nating energies occurring from different levels finds considerable ap¬ 
plication in measuring light-element radiation of the first order 
which is being interfered with by a higher-order energy from the 
matrix element. During our aluminum studies, data on silicon and mag¬ 
nesium were obtained using the three-position unit in helium, while 
data on the other elements were obtained using the bulk unit in air. 

As usual for any instrumental work, the major obstacle to meth¬ 
od development was in the realm of standards availability. The 
concentration ranges we desired to cover in these highly alloyed 
materials are shown in Table I. 

Very few commercial standards are available to cover these 
ranges. Consequently, we embarked on a secondary standards pro¬ 
gram and our metallurgy group prepared a series of six standards 
encompassing the range of interest. These standards were prepared 
under conditions simulating the history and matrix of the unknowns. 
The standards were certified and checked for the absence of gross 
lineal inhomogeneity. 

Although development was simultaneous for all the elements, let 
us consider first the many difficulties that arise when one attempts 
to determine silicon in these alloys. Table II lists the experimental 
conditions under which the silicon data were obtained. 

These conditions give the highest controlled excitation from the 
primary X-ray tube and thus give the greatest sensitivity in counts 
per second for silicon. At the same time, the PH A controls the back¬ 
ground to the negligible level of 3 to 4 counts/sec by rejecting all 
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SILICON, PERCENT 


Fig. 1. Silicon in aluminum. 


en^gy below 13 v and above 24 v. Based on the differential curve, 

these PHA settings yield essentially 90% of the available silicon 
energy. 

Figure 1 shows the analytical curve obtained using the GMR 
standards and the experimental conditions outlined in Table II. This 


TABLE II 

Operating Conditions for Silicon 


Spectrograph 

Three-position unit 

Voltage, lev 

50 

Amperage, ma 

50 

Specimen mask, in. diameter 

iy 4 

Atmosphere 

Helium 

Counter 

Flow proportional 

Counter voltage 

1450 

PHA baseline, v 

13 

PHA window, v 

10.8 

Silicon Kg, deg 20 

108.10 EDDT 

Background, deg 2 $ 

109.50 EDDT 

Total counts 

16,000 
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figure illustrates the beginning of the downfall of the silicon method 
using this technique. However, fortunately, or maybe unfortunately, 
we did not realize it at the time and continued further investigations. 
The immediate problem is apparent: Does the curve form a straight 
line as the first few points indicate, or does it bend as much as in- 



Fig. 2. Mottling. Top, 10% silicon alloy; bottom, GMR-1 standard 
containing 21 % silicon. 
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dicated by the points marked with an arrow? In addition, there was 
correlated visual evidence that was quite disturbing, as illustrated in 
Fig. 2. The shiny, clear-surface sample at the top is a 10% silicon 
alloy prepared and polished in the same way as its neighbor, which is 
the GMR X-l standard containing 21% silicon. The black-speckled 
or mottled areas are known from metallurgical studies to be crystal- 
lized forms of elemental silicon, or magnesium silicides and iron 
silicides. This mottled condition results when the silicon content in 
aluminum begins to exceed about 15%, since the eutectic point for 
true silicon solution in aluminum is roughly at the 12% level. Casting 
conditions, such as chill rate and phosphorus modification, can begin to 
control this mottling to a certain extent, but cannot standardize it or 
eliminate it completely. Since this apparent high counting rate for 
silicon appeared to increase proportionately with increase of mottling, 
we were convinced that we were up against a real sampling problem. 
Microscopic examinations of the finished surfaces substantiated this 
conclusion because one can see these harder silicides projecting in 
relief from the softer aluminum surrounding them. From theory we 
know that the highest percentage of fluorescence radiation coming 
from the sample occurs at the surface of the specimen; thus, we are 
convinced that a false indication of silicon energy is obtained because 
of this mottling. 

To completely verify this relationship, we had two series of 
standards prepared at the 12, 14, 16, 18, and 20% levels of silicon. 
One series was rapidly chill-cast and phosphorus^modified to reduce 
the mottling as much as possible, and the other was sand-cast to 
induce mottling at even the 12% level. Figure 3 shows the result of 
the study. For each series one gets a fairly smooth and controllable 
curve for silicon. However, it is evident that the count rate in general 
is much higher where mottling is high—in fact, by a factor of 50 
to 80%. Of course, the immediate question that arises from examining 
these data is whether one can analyze these samples for silicon using 
X-ray fluorescence if the metallurgical process is controlled? The data 
in Fig. 3 marked with crosses partly answer this question. These 
crosses represent samples prepared under production control at one of 
our divisions. The scattering of the points between the chill-cast 
curve and the sand-cast curve makes one wonder whether good re¬ 
liable answers can be obtained even when the metallurgical process is 
controlled at least one should approach such a determination with 
extreme caution. Obviously, the determination of silicon in fabricated 
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Fig. 3. Sand-cast vs chill-cast silicon. 

parts and materials from outside vendors must be considered fraught 
with danger. 

At this stage of method development for silicon, two alterna¬ 
tives presented themselves for consideration: first, studying different 
surface preparations to overcome this mottled effect; second, dilut¬ 
ing the samples with an equal amount of pure aluminum to ensure 
that silicon is below the eutectic point. 

We had very little success with our attempts to improve surface 
finish. Different lathe finishes gave very good repeatable results, but 
no correction for the mottling effect; the high metallurgical polish 
finish used for metallographic studies gave identical results with 
lathe finishes; belt sanding smeared the softer aluminum and thus 
gave poor results; and finally, both acid and basic etching treat¬ 
ments of the surfaces intensified the silicon count by preferentially 
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TABLE III 

Effect of Different Surface Preparations 


Sample 

Finish 

Counts/sec 

(corr.) 

Si, % 

834 

Lath. (1) 

172.5 

11.14 

835 

Lath. (1) 

224.0 

11.21 

834 

Lathe (2) 

169.0 


835 

Lathe (2) 

220.0 


834 

M.P. 

174.0 


835 

M.P. 

227.0 


834 

L + etch (B) 

294 


835 

L + etch (B) 

379 


834 

L + etch 

388 


835 

L+ etch 

497 



attacking the more soluble aluminum and leaving more silicon in re¬ 
lief. The only good move we made regarding surface preparation 
was to send selected specimens to the National Bureau of Standards 
for study. The results of their specialized surface preparation gave 
a general improvement in linearity. Because of lack of this equip¬ 
ment, however, we are not in a position to evaluate this surface 
preparation for all samples and under controlled conditions. 

Before undertaking the laborious process of diluting and evalu¬ 
ating these high-silicon alloys for our second approach, we decided 
to verify our thought that we could determine silicon in the ex¬ 
pected diluted range of 5 to 12%. We first secured a group of a 
dozen aluminum alloys ranging from 6.0 to 11.5%, the chemistry of 
which had been well established. Each had good, clear surfaces with 
apparent true solution of silicon throughout the alloy. X-ray exam¬ 
ination of these samples indicated that even out of these few se¬ 
lected specimens there were two pairs of samples at the 8 and 11% 
levels giving results at variance to the level of 30%. Investigation 
revealed that these samples had essentially the same over-all compo¬ 
sition, the same metallurgical history and modification, and the same 
apparent surfaces. Table III shows the results obtained when work¬ 
ing with one pair of these low-silicon alloys. Incidentally, the chemis¬ 
try of these samples has been verified beyond a doubt. 

Metallurgical studies of these samples did reveal, however, that 
in one sample (835) there was essentially total solution of silicon in 
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Fig. 4. Silicon in aluminum (powders). 


the aluminum, while in the other there was a heavy concentration 
of silicon present as the ferrosilicide. From theory it is known that 
iron can have a decided absorption effect on silicon energy and we 
feel that this is the explanation for the discrepancy in counts per 
second. However, since the iron content is essentially /the same for 
both samples, how does one control this matrix effect when handling 
unknown samples on a routine basis? We frankly cannot answer this 
question, and with the development of a good direct-reading method 
for this element our interest in this determination is academic at 
this time. 

Lest someone obtains the impression that silicon cannot be de¬ 
termined using X-ray fluorescence, I can report that we control 
silicon in cast iron at an accuracy of 2% and an elapsed time per 
determination of 5 min. In addition, with a little less precision, we 
determine silicon in steels to a concentration level of 0.1%. To eval¬ 
uate our ability to determine silicon in the presence of aluminum, a 
series of carefully prepared powdered standards covering a range of 
10 to 20% silicon was examined. The results are shown in Fig. 4. 

Elements other than silicon and magnesium are easily deter¬ 
mined using X-ray fluorescence. Because of the accuracy attainable 
and the speed of the analysis, this technique serves as our routine 
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Spectrograph 

Bulk unit 

Voltage, kv 

50 

Amperage, ma 

40 

Specimen mask, in. diameter 

13/16 

Counter 

Scintillation 

Counter voltage, v 

900 

PHA baseline, v 

12 

Analytical lines 

K a (1st order) 

Total count 

64,000 to 256,000 


method for these elements. The samples are machined to a flat, clean 
surface using a tungsten carbide tool and excited under the condi¬ 
tions listed in Table IV. 

The analytical curves obtained for these elements are essential- 
ly straight line functions over the concentration ranges of interest, 
bensitivity is no problem and for most of these elements the detect¬ 
able limit is of the order of 0.01%. To ascertain matrix effects due 
to silicon, the analytical curves have been constructed using two sets 
of standards, one set containing 4.0-5.0% silicon and the other 
containing more than 15% silicon. Two typical analytical curves are 

iaoT 1 ? m f lg8 j l and 6 ‘ The C0 PP® r curve h as been examined to the 
10% level and has been found to bend a little at the higher con¬ 
centrations. This type of curve structure is consistent with theory 
fora heavy element in a light matrix. Zinc, iron, nickel, chromium, 
titanmm, and lead are also determined using this technique. 

lo ascertain the degree of method reproducibility, a test pro¬ 
gram was earned out over a ten-day period, using two aluminum 
samples representing high and low concentrations of the elements 
oi interest. Each day the position of the analytical curve was veri- 
Hed using high, middle, and low standards, and the two samples 

i^TaNe V “ unknowns ' The results ° f this test are shown 

. To determi » e whether there was an effect on these elements due 
the degree of mottling on the surface, we selected certain speci- 

3iT° U ! r t r“ 8nd ChiU ‘ CaSt 8tud y which ^presented ex- 

S3toTrtte ■n of u * for M " and c “ « 
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TABLE V 
Precision Data 


A. C. Ottolini 


Element Av#ra 9* 

concentration, % 


Coefficient of 
variation, % 


Copper 

1.77 

Copper 

0.17 

Zinc 

1.20 

Zinc 

0.18 

Manganese 

0.51 

Manganese 

0.32 

Nickel 

0.24 

Nickel 

0.11 

Iron 

0.52 

Iron 

0.17 


10 

0.95 

10 

3.71 

10 

0.48 

10 

1.62 

10 

1.50 

10 

1.96 

10 

1.60 

10 

2.75 

10 

2.01 

10 

2.24 


Chemical checks for the other elements confirm the absence of 
significant effects due to mottling on the accuracy of the method. 
Since most of the variables were included in the precision study, 
we feel that the accuracy of the method is almost equivalent to its 
precision. Chemical checks are made on routine samples selected at 
random for manganese, iron, and copper, and these data confirm 
this observation. 

Using the three-position unit in helium, we examined the deter¬ 
mination of magnesium in these alloys. I can only emphasize at this 
point that the alignment of the instrumental optics is quite critical 
for magnesium, since one does not have any intensity to spare. Fig¬ 
ure 7 illustrates the analytical curve for magnesium. It is evident 
that under routine conditions the minimum detectable limit is about 

TABLE VI 
Effect of Mottling 


Sompl# Si, % Mn (x), % Mn (e), % Cu (x), % Cu (c), % 


4692 (cc) 

12.0 

0.57 

4695 (cc) 

16.0 

0.55 

4695 (sc) 

16.0 

0.52 

4698 (sc) 

20.0 

0.53 


0.59 

0.97 

1.01 

0.56 

1.05 

1.00 

0.54 

1.04 

1.05 

0.55 

1.03 

1.07 


cc » low mottling, 
sc ■ high mottling. 
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0.2 0.4 0.6 0.8 1.0 1.? 


Maqnesium, Per Cent 

Fig. 7. Magnesium in aluminum. 

0.3%. Magnesium was not studied extensively, but 1 am certain that 
mottling will have some effect on the results. 

To summarize, this has not been the type of paper we are ac¬ 
customed to presenting to a conference such as this. Usually we like 
to report an analytical method that has all elements neatly deter¬ 
mined and all experimental facets completely controlled. However, 
we feel that our experiences with silicon in this alloy will prove of 
value for other investigators and serve as a warning to those who at¬ 
tempt this determination by X-ray fluorescence. For elements other 
than silicon and magnesium, the X-ray fluorescence method proves 
to be rapid, precise, and, above all, quite accurate. 
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Determination of Cladding Thickness of 
Nuclear Fuel Elements by X-rays 

P. Lublin 

General Telephone and Electronics Laboratory 
Bay side. New York 


Cladding on reactor fuel elements is necessary in order to prevent 
reaction of the uranium core with the surrounding coolant. It may be 
necessary to keep the cladding between certain minimum and maximum 
values. Previous methods for determining cladding thickness included 
eddy-current and radiographic techniques. These methods sometimes fail 
and an X-ray technique was developed for these cases. 

By moans of a combined X-ray spectrographic-absorption technique, 
similar to that used in the tin-plating industry, cladding thickness can be 
determined accurately. The application of this technique to zirconium and 
aluminum cladding on uranium-core material will be discussed. Mention 
will be made of other materials examined by other X-ray techniques. 
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Some Aspects of X-ray Spectrography 
of Thin Films 


J. Sherman 

Philadelphia Naval Ship Yard 
Philadelphia, Pennsylvania 


Certain peculiar and even anomalous variations in the X-ray emission 
from thin films may be encountered. A theoretical and experimental study 
of some of these efforts is presented. 
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A Study of the Complete Pattern of Curves 
for a Variety of Matrices 

B. J. Mitchell 

Union Carbide Metals Co. 

Niagara Falls, New York 


The variation in tho fluorescent intensity of a given-wavelength X-radia¬ 
tion with iits matrix has been found to be generally inverse to the variation 
in its mass absorption coefficient. Intensity-matrix correlations have been 
studied for iron, chromium, thorium, manganese, calcium, silicon, tantalum, 
columbium, titanium, and zirconium, and complete systems of calibration 
curves developed therefrom. A simple method for representing a family of 
curves based on the intensity of the pure material is described. 
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The Analysis of 15-W, 5-Mo, 1-Zr, Cb Alloy 
by X-ray Fluorescence Spectroscopy 

E. E. Hanson 

Wah Chang Corp. 

Albany, Oregon 


Tha analysis of the F-48 Alloy lllustratos the groat vorsatllity of 
X-roy spoctrograph os an analyst's tool. Tho avorago instrumsnt can 
usad for tho analysis of tho alloying constituents as wall as tho tantal 
impurity. This wido rango oxtonds from tho 15% lavol for tungston to 
100 ppm for tantalum. 

Curtain resolution and intensity problems are encountered which can 
be resolved by the use of fine collimaHon and a topaz crystal; extra in¬ 
tensity for tantalum is gained by the use of a gold target tube. 

The required sensitivity for tantalum demands the use of an oxide 
•ample; this is prepared by fuming the dissolved sample with perchloric 
add and using a controlled burning temperature to prohibit the loss of 
molybdenum. 
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Fast-Scanning Method for X-ray 
Spectroscopy 

M. L. Salmon 

Fluo-X-Spec Laboratories 
Denver, Colorado 


Commercial instrumentation usually provides a range of goniometer 
scanning rates for selection by the operator. Successful application of the 
faster scanning rates is dependent on several features of the instrument in 
addition to the precise mechanical movement of the goniometer. Important 
features are the response rates of scaler, ratemeter, and recorder circuits 
and mechanical motion characteristics of recorder indicating devices. 

Satisfactory results are evaluated on the basis of precision and accuracy 
of the indicated intensity values as a function of 20 angle values on 
the chart recording, with special emphasis on the degree of resolution indi¬ 
cated in the chart trace. 

It is sometimes desirable to scan at rates faster than those normally 
provided in standard commercial instrumentation, and slight modifications 
of a standard 100-kv Norelce spectrograph will be outlined in a discussion 
of a study of scanning rates as fast as 32 degrees 20 per minute. 
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Methods to Increase X-ray Sensitivity 
W. R. Kiley 

Philips Electronics 
Mount Vernon, New York 


The X-ray spectrograph basically consists of three components that 
determine the sensitivity: 

1. Source of excitation, which includes the X-ray tube target and the 
type of high voltage generator. 

2. Optics, which indudes collimation and the choice of crystal monochro¬ 
mator. 

3. Detectors, including pulse-height selection. 

Comparison data shown for most of the commercially available com¬ 
ponents, and intensities for available samples of light elements are given. 
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On-Line Process Analysis by 
X-ray Emission Techniques 

W. F. Loranger 

General Electric Co. 

Milwaukee, Wisconsin 


Instrumentation designed to utilize the principles of X-ray emission 
optics will produce an output signal proportional to the amount of an 
element present in a material, whether the material is stationary or moving. 
Such instrumentation, therefore, is very well suited for continuous analysis 
of elements in a material flowing in a process line. 

The General Electric X-Ray Emission Gage (XEG) was designed for 
and is being used as such an on-line chemical sensor. It is capable of 
measuring up to six elements in a material simultaneously. The range of 
elements is generally from uranium to aluminum, and the material analyzed 
may be in a variety of states (liquid, slurry, powder, etc.). The output 
signals may be calibrated to read percent, weight, thickness, etc., and are 
suitable for use with recorders, data loggers, computers, and/or for direct 
control devices. 

The instrumentation will be described and calibration data for several 
elements in a variety of materials will be shown. (All data taken were 
obtained on moving samples.) 
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Quality Control of Steel Using- 
Clock- and Chart-Recording 
Photoelectric Spectrometers* 

Joseph F. Woodruff and Arba H. Thomas 

Chemical Research Department 

Research and Technology, Armco Steel Corpora tion 

Middletown, Ohio 


A check-analysis program initiated at Armco over 25 years ago is used 
to evaluate the performance of two ARl Qunatometers and three Baird- 
Atomic Direct Readers in five analytical control laboratories of the Armco 
Steel Corporation. The program has also been used to evaluate wet chemi¬ 
cal analyses reported by these same laboratories prior to the installation 
of photoelectric spectrometers. 

The paper describes the check-analysis program and analytical data 
used to evaluate the accuracy of emission photoelectric spectrometers. 


INTRODUCTION 

Since the early 1950s, production metallurgists and chemists of 
the Armco Steel Corporation have installed emission photoelectric 
spectrometers to replace the chemical procedures for production con¬ 
trol. These instruments have been used for control of melts produced 
in the cupola and in the blast, open-hearth, and electric furnaces. 

The use of this equipment in production control has resulted in 
savings of analytical manpower, heat time, and scrapped heats. There 
has been an increase in the amount of steel produced in a number of 

♦Paper presented at the 12th Annual Symposium on Spectroscopy of the Chicago 
Section of the Society of Applied Spectroscopy at the Conrad Hilton Hotel, Chicago, 
Illinois, May 15 to May 18, 1961; the Pittsburgh Con fcrence on Analytical Chem¬ 
istry and Applied Spectroscopy, Feb. 27 to March £, 1961, at the Hotel Penn- 
Sheraton; and the General Motors Spectrographic Conference at the General Motors 
Technical Center, Warren, Michigan, April 24 to April 25, 1961. 
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melt shops because of more rapid reporting of the analyses after a 
preliminary furnace test is received. With more information avail¬ 
able, metallurgists have a better understanding of the effects of trace 
and residual elements, which results in better quality steel. In a mat¬ 
ter of minutes, melters and metallurgists are given information which 
enables them to divert melts and make accurate alloy additions. 
Prior to installation of photoelectric spectrometers it was not unu¬ 
sual for a melter to wait 30 to 40 minutes for a nickel or chromium 
determination. 

Even with all these advantages of instrumental analysis, the 
accuracy of the analytical results cannot be sacrificed for speed. In¬ 
accurate analyses cannot be tolerated since losses in production, 
quality, and profits to the company would follow. Therefore, any 
photoelectric spectrometer installed in a production laboratory must 
meet or surpass the accuracy of the chemical methods formerly used. 

The purpose of this paper is to show that a photoelectric spec¬ 
trometer is a precise and rapid analytical tool and can control the 
chemistry of the melts produced in a steel plant. 

CHECK-ANALYSIS PROGRAM 

A check-analysis program [ l ] was initiated at Armco over 25 
years ago to determine the accuracy of the analytical values report¬ 
ed by the production control laboratories on the heats and casts 
produced. The supervisor in charge of each laboratory makes out a 
daily report and certifies the ladle analyses as determined by the 
“turn” analysts on all heats and casts produced for a 24-hr period. 
The Chemical Research Department reviews these daily reports and 
selects one day’s analytical production for checking. The day selected 
is varied from month to month. A wire is sent to a particular produc¬ 
tion laboratory requesting ladle samples of selected heats and casts 
produced on the selected day. 

In selecting the determinations to be checked, an attempt is 
made to obtain and analyze an equal number from each of the three 
work shifts so that the work of all analysts for that 24-hr period 
is checked. So far as is feasible, samples from various grades of steel 
are selected. As soon as the analyses are completed by Research, the 
production laboratory is advised by telephone or telegram of those 
determinations certified on the heat report that are outside the 
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Armco standard analytical tolerances. A recheck of those analyses 
that exceed the tolerance units is then made by the production con¬ 
trol laboratory, and the recheck values reported to Research. In in¬ 
stances where the recheck values agree with the original certified 
values, samples are sent to other Armco control laboratories for anal¬ 
ysis. If the third laboratory agrees with the production laboratory, 
the original analyses of the latter are considered correct. 

As a basis for determining whether or not a value reported by 
the Works laboratory is in error, standard analytical tolerances have 
been established. These tolerances are based on the accuracies ob¬ 
tained when using the best chemical procedures available. Table I 
shows the Armco allowable tolerances permitted for each element 
according to the concentration range and the type of steel or iron 
involved. Only those elements that are normally analyzed by the 
photoelectric spectrometers are included in the table. The value re¬ 
ported by the production laboratory is in error if it is not in agree¬ 
ment with the referee Research value or the referee value of a third 
laboratory, based on the tolerances shown in Table I. 

The concluding step in the check-analysis program is the issu¬ 
ance of a report showing the Research and production values for all 
the determinations checked for that particular month. A typical 
page of one of these reports is shown in Fig. 1. Each laboratory is 
given a percentage rating based on a credit of 100 for each deter¬ 
mination within tolerance and a credit of zero for those determina¬ 
tions in which the differences are two or more times the standard 
tolerance limits. Partial credit is given for those differences which 
fall between one and two times the standard tolerance limits. The 
sum of all the credits, divided by the number of determinations, gives 
the percentage rating. An example of how the percentage rating is 
calculated is shown in Table II. 

As can be seen from this description of the check-analysis pro¬ 
gram, we have a basis for determining whether or not the photo¬ 
electric spectrometers give reliable analyses equal to or better than 
those given by the chemical methods formerly used. Using the reports 
from the check-analysis program, a study was made of the accuracy 
of the photoelectric spectrometers since their installation. A similar 
study was made of the accuracy of analyses for a five-year period 
prior to the use of photoelectric spectrometers, when only wet chemi¬ 
cal methods were used. 



TABLE I 

Standard Analytical Tolerances for Armco Analytical Laboratories 


Type of steel 

Elements 

Concentration range, 
% element 

Tolerance, plus or minus 
% element 



0.000- 0.099 

0.003 

Carbon and low alloy 

Mn 

0.10 - 0.39 

0.01 


0.40 - 0.99 

0.02 



1.00 - 1.99 

0.03 



0.000- 0.099 

0.005 



0.10 - 0.49 

0.02 



0.50 - 1.49 

0.03 

Stainless and high alloy 

Mn 

1.50 - 2.49 

0.04 



2.50 - 4.99 

0.06 



5.00 - 9.99 

0.10 



10.00 -19.99 

0.15 



0.000- 0.049 

0.003 

Carbon and low alloy 

P 

0.050- 0.099 

0.005 



0.10 - 0.29 

0.01 



0.000- 0.014 

0.002 



0.015- 0.049 

0.003 

Stainless and high alloy 

P 

0.050- 0.099 

0.005 



0.10 - 0.29 

0.01 



0.30 - 0.49 

0.02 



0.000- 0.009 

0.003 



0.010- 0.099 

0.005 

Carbon and low alloy 

Si 

0.10 - 0.29 

0.01 


0.30 - 0.99 

0.02 



1.00 - 2.99 

0.03 



3.00 - 5.99 

0.04 



0.000- 0.099 

0.006 



0.10 - 0.39 

0.01 

Stainless and high alloy 

Si 

0.40 - 0.99 

0.02 



1.00 - 2.99 

0.03 



3.00 - 5.99 

0.04 



0.000- 0.099 

0.006 

Carbon and low alloy 

Cu 

0.10 - 0.39 

0.01 



0.40 - 0.69 

0.02 



0.70 - 0.99 

0.03 



0.000- 0.099 

0.006 



0.10 - 0.39 

0.01 



0.40 - 0,69 

0.02 

Stainless and high alloy 

Cu 

0.70 - 0.99 

0.03 



1.00 - 1.99 

0.04 



2.00 - 2.99 

0.05 



3.00 - 3.99 

0.06 


TABLE I (i continued ) 


Type of steel 

Elements 

Concentration range, 

% element 

Tolerance, plus or minus 
% element 



0.000- 

0.009 

0.002 


Cr, Mo, Ni, 

0.010- 

0.049 

0.002 

Corbon and low alloy 

Co, Al, Ti, 

0.050- 

0.099 

0.005 


Zr, Sn, As, Sb 

0.10 - 

0.29 

0.01 



0.30 - 

0.99 

0.02 



0.000- 

0.099 

0.01 



0.10 - 

0.29 

0.02 

Stainless and high alloy 

Cb 

0.30 - 

0.49 

0.03 



0.50 - 

0.99 

0.04 



1.00 - 

1.99 

0.06 



0.000- 

0.099 

O.OQ5 



0.10 - 

0.29 

0.01 

Stainless and high alloy 

Co 

0.30 - 

0.49 

0.02 



0.50 - 

0.99 

0.03 



1,00 - 

1.99 

0.05 



0.000- 

0.019 

0.003 



0.020- 

0.099 

0.005 



0.10 - 

0.15 

0.01 

Stainless and high alloy 

Al 

0.16 - 

0.49 

0.02 



0.50 - 

0.79 

0.04 



0.80 - 

1.49 

0.05 



1.50 - 

1.99 

0.06 



0.000- 

0.099 

0.005 



0.10 - 

0.29 

0.01 



0.30 - 

0.99 

0.02 



1.00 - 

1.99 

0.03 



2.00 - 

2.99 

0.04 



3.00 - 

3.99 

0.05 

Stainless and high alloy 

Ni, Cr 

4.00 - 

5.99 

0.06 



6.00 - 

7.99 

0.07 



8.00 - 

9.99 

0.08 



10.00 - 

14.99 

0.10 



15.00 - 

29.99 

0.15 



30.00 - 

49.99 

0.20 



50.00 and greater 

0.25 



o 

8 

? 

• 0.099 

0.005 



0.10 - 

■ 0.29 

0.01 

Stainless and high alloy 

Mo 

0.30 - 0.69 

0.70 - 0.99 

0.02 

0.03 



1.00 - 1.99 

0.04 



2.00 - 

■ 3.99 

0.06 





Sheet No 
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TABLE II 

Check-Analysis Grading System—Method 
of Calculating Percentage Rating 


Tolerance, plus or minus 
% element 

Deviation of reported value 
from research value, % element 

Credit allowed, % 

0.002 

0.002 

100 

0.002 

0.003 

50 

0.002 

0.004 

0 

0.003 

0.003 

100 

0.003 

0.004 

67 

0.003 

0.005 

33 

0.003 

0.006 

0 

0.005 

0.005 

100 

0.005 

0.006 

80 

0.005 

0.007 

60 

0.005 

0.008 

40 

0.005 

0.009 

20 

0.005 

0.010 

0 

0.04 

0.04 

100 

0.04 

0.05 

75 

0.04 

0.06 

50 

0.04 

0.07 

25 

0.04 

0.08 

0 

0.10 

0.10 

100 

0.10 

0.11 

90 

0.10 

0.12 

80 

0.10 

0.13 

70 

0.10 

0.14 

60 

0.10 

0.15 

50 

0.10 

0.16 

40 

0.10 

0.17 

30 

0.10 

0.18 

20 

0.10 

0.19 

10 

0.10 

0.20 

0 


Example 


15 determinations within tolerance limit X 100 1500 

2 determinations outside double tolerance limit X 0 0 

1 determination (partial credit) X 50 50 

1 determination (partial credit) X 70 70 

1 determination (partial credit) X 30 30 

Total credits 1650 


(Total credits) (Number of determinations) - Percentage rating 
1650/20 - 82.5% rating 
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Accuracy of Type A vs Type B Photoelectric Spectrometers 

Two different types of emission photoelectric spectrometers have 
installed in the production laboratories. For obvious reasons these 
instruments will not be identified by name in the discussions to 
follow. 


The accuracy of the two types of photoelectric spectrometers, 
based on data from the reports of the monthly check-analysis pro¬ 
gram, is shown in Table III. 

In general, the accuracy of analysis is approximately the same 
for instruments A and B for the elements in the concentration ranges 
given in Table III. However, type A instruments give more accurate 
results than type B for silicon determinations between 0.10 and 
1 .00% silicon, nickel determinations below 0.10%, molybdenum de¬ 
terminations between 0.10 and 0.60%, and aluminum determinations 
between 1.00 and 1.40%. Instruments of type B give more accurate 
-Its than^type A for aluminum determinations in the range of 


Differences in sampling techniques, source conditions, person¬ 
nel, etc., could contribute to the variation in accuracy of these photo¬ 
electric spectrometers. The spectrometric methods are not standard¬ 
ized and each laboratory has set up its own procedures. 

Overall, the average analytical error for elements in concentra- 
'°" S fQ ^ eate , r 0 t ^ a " >8 approximately 1.0% when using instru- 
an . % when using instrument B. The average analytical 
rror for elements in the concentration range of 0.1 to 0.99% is ap- 

SfcmenS 3 '°n % i ^ USing ^ of the two instruments. Vor 

imatelv 9 oVlbr tvT° t” C0ncentratl0n ’ the average error is approx- 

ismuchWrt, ^ in8truments - The err <>r for some elements 
s much less than for others, as can be seen from Table III, and de- 

p nds largely on the mean concentration of these elements. 

i‘ d ur^T^sr‘ er “ dReKarch refcree v " iuf8 
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routine chemical and photoelectric-spectrometer values was made 
with Research referee values as determined by the monthly check- 
analysis program. These data are shown in Table IV. Data for the 
routine chemical analyses were obtained from the check-analysis re¬ 
ports for the period of five years prior to the installation of photo¬ 
electric spectrometers in the five production control laboratories. 

With few exceptions, the values obtained by the photoelectric 
spectrometers met the same analytical tolerances used for chemical 
methods. The analytical errors of the routine chemical methods were 
not as great as the errors of the spectrometric methods for the de¬ 
terminations of silicon in the range of 0.01 to 0.91% and columbium 
in the range of 0.13 to 0.95%. However, the spectrometric methods 
gave more accurate results for the nickel, chromium, and molyb¬ 
denum determinations in concentrations below 1.0%. 

From this study it is evident that the production control labora¬ 
tories did not sacrifice accuracy for speed when they installed spec¬ 
trometers. In fact, they improved the accuracy for the determination 
of nickel, chromium, and molybdenum in concentrations below 1.0%. 


DISCUSSION AND CONCLUSIONS 

A total of 4336 spectrometer analyses from five different produc¬ 
tion laboratories of the Armco Steel Corporation have been checked 
by referee chemical methods in a check-analysis program established 
at Armco over 25 years ago. Analyses from these same five labora¬ 
tories, when routine chemical methods were used, were also evalu¬ 
ated by the check-analysis system and used in this study for com¬ 
parison with the photoelectric-spectrometer data. 

Evaluation of the data for these two methods of analysis show 
that 88% of the routine chemical and 87% of the photoelectric 
spectrometer analyses compared were within the rigid analytical 
tolerances established for the Armco check-analysis program. If we 
consider only the past two years, the operating laboratories have 
had 94% of the spectrometer analyses within the analytical toler¬ 
ances. 

These studies show that instrumental methods can replace the 
conventional chemical methods without loss of accuracy in produc¬ 
tion control laboratories. 
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Establishing and Controlling 
Analytical Curves 

T. P. Schreiber 

Research Laboratories 
General Motors Corporation 
Warren, Michigan 


The accuracy of many analytical methods is determined to a large 
extent by the accuracy and day-to-day reliability of an analytical curve. 

The initial establishment of an analytical curve involves the random 
errors associated with repeatability and systematic errors which may be 
inherent in the method or the standards used for calibration. When the 
calibration data result in randomly scattered points, a simplified method of 
least squares can be used to draw the most reliable curve. 

Daily control of the analytical curve is a definite problem, as indicated 
by data from a group of spectrochemical laboratories. Statistical techniques 
can be used to evaluate and correct for these daily variations. 


INTRODUCTION 

An analytical curve is a deceptively simple device. As indicated 
in Fig. 1, it is merely a line which relates a characteristic which can be 
measured to the characteristic which must be determined. In emission 
spectroscopy these characteristics are intensity ratio and element con¬ 
centration, respectively. For a particular experimental arrangement 
and analysis, e.g ., Mn in steel, there exists a “true” analytical 
curve which accurately reflects the relationship between log % Mn 
and the log intensity ratio of a Mn line to an Fe line. If the analyst 
runs standard samples and, because of the statistical variations in the 
intensity ratio, obtains an analytical curve different from the true 
curve, then the % Mn values obtained from this curve will have 
systematic errors in many areas. Although statistical variations can 
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Fig. 1. Systematic error caused by deviation from the true curve. 

cause an improper curve to be obtained, the curve once drawn is 
always wrong. The obvious solution to this problem is to average 
enough analytical results on each individual standard, so that the 
statistical error is reduced to an acceptable value and the curve ob¬ 
tained becomes, in reality, the true curve. The statistical error of the 
average of repeated runs on a sample is inversely proportional to the 
square root of the number of values. Thus, averaging four values re¬ 
duces the error to one-half; nine, to one-third; and sixteen, to one- 
fourth. You can see that improvement becomes increasingly expen¬ 
sive and that the range from two to nine values is the most 
remunerative. When one determination is to be used in analyzing un¬ 
known samples, a good compromise for determining the analytical 
curve is to average four values on each of three standards. 

To obtain a good approximation of the “true” analytical curve it 
is apparent that the standards must be homogeneous and accurate. If, 
for example, the chemical value of the high standard in Fig. 1 is in 
error, then this point will be in error even if the intensity ratio is 
exactly determined. The composition range of the standards must 




Establishing and Controlling Analytical Curves 


131 
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Fig. 2. Analytical results on 36 different low-alloy-steel standards. 


also bo adequate since the possibility of an error increases rapidly 
if a curve is extrapolated. At least three standards, two bracketing 
the desired range and one in the center, are required to determine an 
analytical curve adequately. The standard in the center is needed to 
determine the shape of the curve. 

DRAWING THE CURVE 

Figure 2 illustrates two points: first, the variations that can 
be encountered even when primary standards are used; and second, 
the problem of drawing the best curve through a mass of scattered 
points. 

Plotted hem arc the averages of four shots on each of 36 different 
low-alloy-steel standards. These consist of 11 standards issued by the 
National Bureau of Standards, 7 by the Bureau of Analyzed Samples, 
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Ltd., in Britain and 18 General Motors Spectrographic Standards. 
The analytical method used is known to be essentially free of matrix 
effects for low-alloy steel, and the width of each point is equivalent 
to the standard deviation for the average of four values. Thus, the 
scatter shown here is not primarily due to errors incurred in deter¬ 
mining the Si-to-Fe intensity ratio, but rather to nonhomogeneity 
and chemical errors inherent in each standard. By using a great many 
standards, any bias or systematic error inherent in one particular set 
can be greatly reduced. 

The collection of points shown presents an interesting challenge 
to the person responsible for drawing the curve. On the basis of 
similar curves, and because the data indicate no reasonable form for a 
nonlinear curve, it can be assumed that the curve lies in a straight line. 
Where would you draw the straight line? 

An excellent solution to this problem is the method of least 
squares, which can be applied when statistical errors are nearly con¬ 
stant for all points. To make the statistical errors in emission 
spectroscopy constant, we plot the data on logarithmic coordinates 
and we let x = log intensity ratio and y = log % Si. The least- 
square equations become: 

x =2x/n y = 2y/n 


b ll0P ' = s( ^~y )2 = nzy 2 -(zy) 2 

The least-squares line obtained with these equations has the 
property that the sum of the squares of the x or log intensity ratio 
deviations from the line is smaller than for any other line. It also has 
the interesting and useful property that it passes through x, y, the 
grand-average point. 

As you can see from the equations, the calculation of the slope 
can be a lengthy task, especially if there are a large number of 
points and no calculating machine is available. 

Figure 3 contains the same points as Fig. 2 and a straight line 
drawn by an abbreviated least-squares technique. The fact that the 
least-squares line passes through Sc, J, indicated by the large cross, 
was used in drawing the line. A transparent straight edge was posi¬ 
tioned on this point and rotated until a visual estimate of the best 
fit was obtained. Constraining the line to go through Sc, y greatly 
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Fig. 3. Curve drawn using an abbreviated least-square technique. 

simplifies and sharpens the visual estimate of the slope. With this 
technique only the 35 and y values need be computed. 

The curve shown represents a best estimate for the determi¬ 
nation of Si in low-alloy steel. If it became necessary to reestablish 
the curve at some later date because of changes in experimental 
variables, it would not be necessary to run all 36 standards again, 
but only three, a high, a middle, and a low. The chemical value used 
in replotting the curve would not be the certified value, but a value 
obtained by analyzing the three specific standards from the curve 
shown here. 

CONTROLLING CURVE SHIFT* 

Day-to-day variations in analytical curves are a problem in 
emission spectroscopy, as indicated by a recent cooperative test in- 

*The techniques for controlling curve shift were obtained from J. E. Jackson 
R. A. Freund, and W. G. Howe, “Errors Associated with Process Adjustments,” 
Virginia Journal oj Science 10,1, 3-26, 2959. 
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volving 15 laboratories. Figure 4 shows some of the data from the 
test. In the cooperative test the original run consisted of obtaining 
three values on each of seven low-alloy-steel standards. On four 
subsequent days three of the standards, a high, a middle, and a low, 
were run four times. The size of the symbols represents the standard 
deviation for the points. The solid line indicates the curve obtained 
on the initial run of the seven standards and the dashed lines repre¬ 
sent the magnitude of the day-to-day curve shift obtained with the 
high, middle, and low standards. As you can see, curve shift is indeed 
a problem. The first line of defense against curve shift is not statistics, 
but rigorous control over the experimental variables. Figure 5 shows a 
control chart obtained by running a standard sample on each plate. 
The minor maintenance job of cleaning the optics resulted in an 
appreciable curve shift which, if it had gone undetected, would have 
resulted in systematic analytical errors. 

The technique used by some spectrographers of correcting all 
analytical results on a plate for the deviation indicated by a single 
standard sample on that plate is highly unreliable. It is tantamount 
to drawing a new curve based on one value. The random variations 
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Fig. 5. Control chart showing effect of cleaning optics, 
indicated by the spikes up to plate 29 in Fig. 5 would have caused 
plate-to-plate systematic errors if all the values on each plate had been 
adjusted by using the standard. 

My personal feeling is that no run-to-run correction should be 
applied until there is reasonable evidence that a shift has occurred. 
When such evidence appears, then sufficient data should be obtained 
to reestablish the curve. 

A procedure which fulfills these requirements follows: 

1 . Analyze a high and a low standard. Any curve for which both 
of the intensity-ratiovalues deviate from their expected values 
by less than two times the standard deviation shall be con¬ 
sidered satisfactory. 

2 . For any curve where either or both of the values fall outside 
the two-standard-deviation limit, analyze the high and low 
standards an additional three times. 

a. If the means of the four readings on the two standards fall 
within one standard deviation of their expected values, con¬ 
sider the curve satisfactory. 

b. For any curve where one or both of the averages fall outside 
the one-standard-deviation limit, obtain sufficient, addi¬ 
tional data to draw a new curve. 

This technique is especially applicable to direct-reading instru¬ 
mentation, but cannot be conveniently used with photographic re¬ 
cording because the data cannot be obtained during the running of 
the plate. In the case of photographic recording, the following pro¬ 
cedure might be used: 
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1 . Analyze a high and a low standard on each plate. Consider 
satisfactory any curve for which both intensity-ratio values 
deviate from their expected values by less than one standard 
deviation. 

2 . For any point whose deviation from the expected value is from 
one to two standard deviations, use a correction of one-third 
the deviation and draw a new curve. 

3. For any point whose deviation is two to three standard devia¬ 
tions, use a correction of two-thirds and draw a new curve. 

4. For any point whose deviation is greater than three standard 
deviations, use a full correction in drawing the curve. 

However, merely redrawing the analytical curve is not the ulti¬ 
mate solution. The experimental cause of the curve shift should be 
located and brought under control. The use of statistical methods of 
establishing and controlling curve shifts is no substitute for well- 
adjusted and maintained analytical equipment. In conjunction with 
experimental information, statistical techniques merely help in 
locating and controlling the important variables. 

The analytical curve determines the accuracy of analytical 
methods and it behooves the analyst to be especially critical in 
establishing and controlling such curves. 



Purity of “National” Spectroscopic 
Electrodes 

J. Weinard 

National Carbon Company 
Division of Union Carbide Corporation 


About 600 different spectroscopic samples (rods and preforms in H13 
$Pcarbon, AGKSPand SPK grades) were studied by spectroscopic quantitative 
analysis. The concentrations of impurities in parts per million were statistically 
compared with the visually estimated densities of the spectral lines obtained 
by the cathode-layer method. Concentration limits expressed as maximum 
concentrations in parts per million could be established for density estima¬ 
tions in the arbitrary scale from 0 to 3. Using the line-to-baclcground ratio 
measured with the densitometer, a method was found of reporting impurities 
with their maximum concentration in parts per million with a confidence level 
of 95%. 


DISCUSSION 

All manufacturers of carbon and graphite spectroscopic elec¬ 
trodes use the highly sensitive cathode-layer method as the standard 
analytical procedure for checking the purity of spectroscopic prod¬ 
ucts. This method is qualitative, but gives an indication of the 
amount of the impurity present (high, low, absent) by estimating the 
density of the spectral line of an element in an arbitrary scale (x, not 
present; 0, barely visible; 1 to 6, visual density steps). This arbitrary 
scale is based solely on a subjective observation and estimation of the 
line density as seen on the spectrographic plates. The estimated den¬ 
sity values are not representative of the concentration of a specific 
element. Different elements have different excitation energies. The 
densities of their spectral lines are, therefore, different for equal con¬ 
centrations. Spectrographs, optical and electrical conditions, and type 
of emulsion are important factors which influence the estimations of 
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the line density. Therefore, it is understandable that purity state¬ 
ments issued by different manufacturers may disagree considerably 
for spectroscopic products with exactly the same impurity levels. 

The object of our investigation was the correlation of the density 
of the analytical spectral line to the real concentration value of a given 
element by the dc-arc external-standard method. The spectrograph 
used for the cathode-layer method is a Littrow Large Quartz Glass 
instrument built by Hilger. The conditions for the cathode-layer 
method are the following: 

Arc gap.Approximately 10 mm 

Arc current.Variable with size of electrodes 

(10-24 amp) 

Exposure time.. se C) no preburn 

Slit width.20 n 

Slit height.10 mm 

Plates .Kodak K33 in Q6 and Q3 

position 

Kodak IVN in the glass position 
Developer.D19, 4 min 

The analytical lines used in this method for detecting impurities 
are the following very sensitive lines: 

A1 3082.155 A 


B 


3092.713 A 
2496.778 A 
2497.733 A 
Ca 4226.728 A 
Cu 3247.54 A 
3273.96 A 
Fe 2483.27 A 
2488.15 A 
Pb 2833.069 A 
Mg 2795.53 A 
2802.695 A 


Mn 2596.104 A 
2593.729 A 
K 7664.9 A 
7699.0 A 
Si 2881.578 A 
Ag 3280.683 A 
Na 5890.0 A 
5895.0 A 
2840.0 A 
3239.0 A 
3242.0 A 
2908.8 A 


Sn 

Ti 


About 600 different samples were collected over a period of 
several months and analyzed by the cathode-layer method. The ma¬ 
jority of these samples were VWn. spectroscopic electrodes. For the 
quantitative analysis of trace impurities, these samples were care- 
u y powdered and analyzed spectroscopically by the external-stand¬ 
ard method. The external-standard method was chosen to eliminate 
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possible contamination by mixing an internal standard with the 
sample. Copper was used as the external standard. For the copper 
determination, cobalt served as the external standard. 

The spectroscopic conditions for the quantitative analyses are 
listed below: 


Spectrograph.Jaco Ebert, 3.4-m grating 

15,000 lines/in. 

Slit.20 m 

dc arc.5 amp 

Arc gap.3 mm 

Exposure.15 sec—2 sec preburn 

Plate.Kodak 103-0 (2200-4400A) 

Kodak IN (4400-8000 A) 

Developer.D19, 4 min 

Electrodes.Highest purity, National 

L-4230, L-4242, and L-3754 


Spectroscopically pure standards from Johnson Matthew, 
London, England, were used to establish the working curves for 15 
elements. By diluting these standards with equal parts of highest- 
purity graphite powder (SP-2) in successive steps, samples were 
prepared with concentrations of 1, 5, 10, and 50 ppm for the less 
sensitive elements, and 0.1, 0.5, 1.0, 5, and 10 ppm for the sensitive 
elements (0.01 ppm for Mg) in order to construct the working curves. 
These synthetic standards in higher concentrations (0.1% and 2%) 
were analyzed chemically and the results were in excellent agreement 
with the calculated values. 

In the quantitative analysis, the same analytical lines were used 
as reported for the cathode-layer method. For each sample, three 
spectra were taken and the average concentration for each element 
determined. These values were then compared with the line-intensity 
estimations. The spread of the concentration values was high for a 
given estimated density in the arbitrary scale. For estimations above 
3 in the arbitrary scale, this spread was up to ±1000% and, there¬ 
fore, was not investigated further. In density estimations of 0 to 3, 
the maximum spread of concentrations was found to be ±200%. 
Taking this into account, the density estimations of the analytical 
lines of the most common elements found as impurities in the spec¬ 
troscopic products were correlated to the concentrations. An example 
for two elements, aluminum and silicon, is given in Table I. 
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TABLE I 

Analyses of Aluminum and Silicon 


Element 

Number 
of samples 

Estimated density 
of analytical line 

Measured maximum 
concentration, ppm 

Number 

of determinations 

Aluminum 

no 

0 

0.5 

330 


105 

1 

2.0 

315 


68 

2 

10.0 

204 


- 

3 

Too-high spread 

- 

Silicon 

Ill 

0 

1.0 

333 


96 

1 

3.0 

288 


63 

2 

10.0 

189 


— 

3 

Too-high spread 

- 


As seen in Table I, 110 samples were investigated for aluminum 
which was analyzed by the cathode-layer method with a density es¬ 
timation of zero. Each sample was arced three times for a total of 330 
determinations. The spread found in the 330 determinations was as 
follows: the spectra didn’t show aluminum in 17 (5%) of the samples; 
the spectra gave an aluminum concentration of between 0.1 
and 0.2 ppm for 56(17%) determinations; between 0.2 and 0.3 ppm 
for 89 (27%) determinations; between 0.3 and 0.4 ppm for 109 (33%) 
determinations; between 0.4 and 0.5 ppm for 49 (15%) determina¬ 
tions; and between 0.5 and 0.6 ppm for 10 (3%) determinations. 

Figure 1 gives the distribution of the concentration values of 
aluminum for cathode-layer-density readings of zero. With a con¬ 
fidence level of 95%, the maximum concentration of aluminum in 
these samples was found to be 0.5 ppm. 

Figure 2 shows the distribution of the concentration values of 
silicon for cathode-layer-density readings of 1. In this case, the 
maximum concentration with a confidence level of 95% would be 
3 ppm Si. 

These investigations were made for 15 elements listed in the 
purity statements: aluminum, boron, calcium, copper, iron, lead, 
magnesium, manganese, potassium, silicon, silver, sodium, tin, 
titanium, and vanadium. In order to evaluate maximum concentra¬ 
tions of all these elements it was necessary to take samples rejected 
from purified lots because of high impurities. Normally, only three to 
five elements are detected after a satisfactory purification. The dis¬ 
tribution curves of the concentration values of all investigated 
elements were similar to the curves of Figs. 1 and 2. 
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Visual line-density estimations are neither very accurate nor 
very reproducible, because of the human element. The density steps 
in the arbitrary scale cover a too-wide density range and a visual 
differentiation is impossible. However, with a great number of data 
at our disposition—about 9000 different spectra were evaluated- we 
were able to correlate the measured line-to-background ratio to the 
actual concentration of a given element, thus eliminating visual 
estimations. Again, this correlation was set up with a 95% confi¬ 
dence level. With this method, the purity of spectroscopic electrodes 
can be controlled to a much finer degree. Knowing the maximum 
concentration of impurities in the electrodes, the spectroscopist. can 
approach the most critical analytical work with confidence that his 
results will not be affected by elements present in the electrodes in 
indefinite concentrations. 



Spectral Excitation with Stabilized 
Plasma Jets* 

Louis E. Owen 

Goodyear Atomic Corporation 
Portsmouth, Ohio 


It has been agreed for some years that further improvement in 
the precision of spectrographic analysis must await improvements in the 
excitation process. Photoelectric spectrometers are so perfected that their 
error contribution has been considered negligible. 

Stabilized plasma jets may now offer a new dimension in excitation 
precision equaling that of present-day spectrometers. These plasma jets, 
used for gas sample or solution excitation, exhibit an unusual steadiness 
for what is basically a dc arc. 

Two models of the stablizied plasma jets are described. With one model, 
useful for isotopic assay systems, uranium spectra can be directly excited 
from gaseous uranium hexafluoride. The more generally useful model is 
adapted to the spectral excitation of solutions. In each case the sample 
is introduced into the center of a plasma discharge; the gas is introduced 
directly, the solution after atomization. 

Stabilized plasma jets are characterized by high-temperature excitation, 
great brightness, large power-input capability, and steady-state operation. 

INTRODUCTION 

For many years it has been apparent that further improvement 
in spectrochemical analysis must be based on improvements in the 
excitation process. Photoelectric spectrometers are perfected to the 
point where their analytical error contribution is considered 
negligible. A new approach to the excitation problem came with the 
proposal of Margoshes and Scribner l 1 ] for plasma-jet excitation in 
spectrochemistry. In a plasma jet an arc started between two 
electrodes is blown out through an orifice in one electrode in the form 

This work was performed under contract AT-(33-2)-l with the U. S. Atomic 
Energy Commission. 
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of a “flame.” The same is introduced into the arc chamber and its 
emitted radiation is viewed in the flame discharge. 

The defect of the original design—positional instability of the 
flame—was eventually overcome by the addition of an external 
electrode which serves as an electrical return [ 2 L The stabilized 
version of the plasma jet is especially suited to the direct excitation 
of uranium hexafluoride [ 3 ]. 


GAS SAMPLE JET 


The gas sample jet (shown in Figs. 1 and 2 and described in Table 
I) has two principal components which are insulated from one 
another by the plastic sleeve D. The main body of the jet is the 
water-cooled cathode assembly C which encloses the discharge 
chamber and carries the graphite exit-orifice electrode B. Electri¬ 
cally, this cathode assembly is an integral part of the support rod and 
the external tungsten electrode A. It is at ground potential for dc-arc 
power sources which have a ground negative lead. 



Fig. 1. Gas sample jet. 
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TABLE I 

Components of the Plasma Jet for Gas Samples 


Key* 

Description 

Material 

Dimensions 

A 

External electrode 

Tungsten 

1/8-in. o.d. rod 

S 

Cathode electrode 

Graphite 

12.5 mm o.d., 

5 mm thick, 10-mm 
orifice 

C 

Cathode assembly 

Brass 

1-1/2 in. o.d., 3/4 in. i.d. 

Ci 

Tangential gas 
inlet 

Copper 

3/16 in. o.d. 

0 

Insulating sleeve 

Teflon 

3/4 in. o.d. 

5/8 in. i.d. 

E 

Anode electrode 

Graphite 

12.5 mm o.d., 

5 mm thick, 5-mm 
orifice 

F 

Anode assembly 

Brass 

5/8 in. o.d. 

13/64 in. i.d. 

Fi 

Sample gas inlet 

Copper 

3/16 in. o.d. 

G 

External electrode 
holder 

Brass 

3/8 in. o.d. 


Key for Fig. 2. 
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The inner anode assembly F, which is also water cooled, carries 
the replaceable graphite anode electrode E through which the sample 
gas is fed into the discharge. 

Operation 

The arc initially forms between the two graphite electrodes but 
is quickly blown through the upper cathode electrode orifice in the 
orm of a flame. As the “flame” reaches the tungsten rod, the 
electncal discharge path transfers to the tungsten, and the graphite 
cathode electrode B is effectively removed from the circuit. The 
orifice, therefore, is not subject to electrical erosion. The useful 
radiating column viewed by a spectrometer is the area 8 mm high and 
3 to 4 mm in diameter between the tungsten electrode and the orifice 
electrode B. 

The voltage drop across the jet is about 95 v for 12- to 28-amp 
currents when helium is introduced tangentially, at Ci, as the 
swirling gas of the jet. About 9 liters/min of helium are used during 
an excitation. 

The UF e sample is frozen out on the walls of a trap (Fig. 3) 
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by passing a gas stream containing UF 6 through a trap immersed in 
cold water. During excitation a modest flow of helium (2 to 10 
ml/min) acts as a sweep gas, taking advantage of the vapor pressure 
of UF 6 at room temperature (about 100 mm Hg) to carry the sample 
into the jet. An additional flow of helium (labeled “bleed” gas in Fig. 
3), at approximately 2 liters/min, enters the sample stream beyond 
the trap to dilute the UFe and to help carry it to the excitation 
zone. From 2 to 15 mg/min of UFe are consumed in average exci¬ 
tations. Tests in which the tubing and electrodes were not changed 
between samples of various assay levels indicate that the device does 
not exhibit a “memory” effect. 

The external tungsten electrode is very gradually consumed and 
must be manually repositioned after an extended period of opera¬ 
tion. Its position is not critical while the jet stream impinges upon 
it. If the tungsten rod burns away from the stream, an arc streamer 
forms from the “flame” to the rod and the voltage drop across the 
device increases markedly. 

Control 

The sample trap mounts on the gas manifold (Figs. 4 and 5). 
At the start of an excitation, solenoid 1 is energized and helium 
flows into the manifold and onto the jet through the tangential and 
bleed lines. The sweep gas is initially blocked by the sample-trap 
inlet valve. The safety-pressure switch immediately closes and, 
through other controls, turns on dc power and an rf ignition pulse. 
The ignition pulse is automatically terminated as the arc current is 
established. The toggle valve which shunts the tangential needle 
valve is actuated during starting to hasten transfer of the cathode 
spot to the tungsten electrode. 

The UFe sample is sent to the jet when the sample-trap valves 
are manually opened. When an excitation is to be terminated, the 
trap valves are closed and solenoid 1 is deenergized. 

The bleed and sweep flow rates are set by the pressure drop 
across sections of capillary tubing and are not variable in routine 
operation. They determine the rate at which the UF 6 is introduced 
into the jet discharge. The tangential helium, however, is not com¬ 
pletely preset but is manually varied over a small flow range during 
excitation. It. is controlled by a needle valve which is adjusted to 
maintain discharge stability as monitored by an oscilloscope. The 
required variations in tangential flow rate do not appreciably affect 
the uranium emission. 
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Fig. 4. Sample trap. 
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Fig. 5. Gas jet flow plan. 
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Uranium Emission 

The optical structure of the jet flame, viewed as a source of 
uranium radiation, is that of an emitting cylinder surrounding a less- 
intense emitting rod. The least cri tical way to view the discharge is, 
therefore, also the simplist— in the center of the column. Results 
of vertical and horizontal measurement of signal-to-background 
(S/B) ratios also confirm this positioning. 

The signal-to-background ratio for the U 236 line at 4244 A is not 
as favorable as from a hollow-cathode discharge, but is superior to 
that available in regular dc or ac-arc excitations. 

The uranium spectrum is emitted so steadily by the jet that 
spectral lines can be recorded directly by scanning the spectrum over 
the exit slit of a photoelectric spectrometer. The spectrum in the 4244 
A region is quite similar to that from hollow-cathode discharge lamps. 

Optimum emission requires that a lower limit of UF fl flow rate 
must be exceeded, because as the UFs in the discharge is reduced 
by reducing the sweep rate, the signal-to-background ratio of the 
U 236 line slowly improves until a limiting point is reached. After 
this point the background increases rapidly relative to the uranium 
line, and the ratio deteriorates. At greater flow rates the uranium 
suppresses the background radiation of the discharge and an opti¬ 
mum operating point can be established according to the intensity 
requirements of the spectrometer being used. 

The intensity of the uranium spectra, independent of the sample 
flowrate, varies with the diameter of the orifice electrode (Fig. 6). 
The curve drawn is representative of a family of curves, each valid 
for a specific set of gas-flow parameters and jet geometry. The 
largest orifice practical with the jet in use is about 1 cm. The greatest 
intensity and the best signal-to-background ratio are obtained 
simultaneously with this orifice. 

Increased sensitivity and improved ratios also occur when the 
tangential or bleed flow rate is reduced. In each of these instances, 
however, a limiting position of discharge instability occurs and it 
is necessary to back-off to a stable position. The unstable condition 
is dependent upon current level. This current dependency makes it 
impossible to prepare a simple graph showing uranium intensity 
versus current over the full current range of operation. The jet 
can be maintained with currents greater than 4 amp. At currents 
below 12 amp, however, the start-up arc transfer is frequently 
delayed. 
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Sensitivity and precision for the jet have been measured only 
with the analytical spectrometer assembled at the Oak Ridge Gaseous 
Diffusion Plant by Lee et al. [ 4 ]. On this instrument U 235 emission 
in a sample of material known to contain only 0.038% U 23 ' was 
unequivocally detected. The principal work with jet excitation is still 
with material at the normal or 0.7115% level, since this is ubiquitous 
and interlab comparisons subsequently are easy to make. 

Precision tests using normal uranium made under conditions 
comparable to plant stream analysis provided coefficients of variation 
^ ^ less. While such coefficients of variation are not unusual 
with photoelectric spectrometers, there are two special considera¬ 
tions: (1) this is as good as or better than hollow-cathode excitation 
at this level, and (2) this precision was obtained with a signal-to- 
background ratio of 1.1 to 1 . A spectrum line with such a low S/B 
would be considered below the limit of detectability in usual spectro- 
chemical techniques. The precision obtained at such a disadvanta¬ 
geous ratio suggests that background with jet excitation is extremely 
reproducible and is uranium-related rather than random noise. 

The gas-fed plasma jet is a steady-state device. The reproduci¬ 
bility it provides is related directly to the effort spent in controlling 
its sample and gas flows and the constancy of its electrical power. 

Status of Gas Jet 

The plasma jet for exciting UF 6 is developing well as a compo¬ 
nent. Its special feature is the high radiation intensity obtainable 



Fig. 6. Effect of orifice variation. 
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with low background. The jet should make it possible to assemble a 
direct-reading isotopic assay spectrometer which can be used as a 
plant on-stream instrument. The excitation subsystem, based on the 
jet, is being tested with various dispersive instruments and read-out 
circuits to evaluate the possible performance of complete analytical 
systems. 

SOLUTION SAMPLE JET 

The stabilized plasma jet for solution samples is likely to 
be of more general applicability. Placing samples in solution not only 
obviates any original heterogeneity but also makes possible their non- 
selective introduction to an exciting discharge. Both of these points 
can be important, especially with highly alloyed metal samples. It 
was for such samples that Margoshes and Scribner first proposed 
plasma jet excitation [*]. 

Construction 

The stabilized plasma jet for solutions, while superficially 
resembling the gas jet model, differs in construction (Fig. 7). The 
principal components (Table II) are: C the cathode assembly; D the 
arc chamber enclosure; F the anode assembly; G the atomizer in¬ 
sulator; H the atomizer; and / the external electrode holder. 

Operation 

The arc initially forming between the electrodes B and E is 
blown out through B by helium which enters the arc chamber 
tangentially through D\. The plasma stream impinges upon the 
external electrode A and the electrical return for the arc transfers to 
it. The sample is sprayed into the discharge column by the atomizer 
assembly H. Argon is used as the lift gas for the atomizer. 

Controls 

The helium and argon gas flows to the solution jet are controlled 
by a solenoid-operated manifold (Fig. 8). To start an excitation, 
solenoids 1 and 2 are energized simultaneously. The helium goes 
through solenoid 1, a needle valve, and a flowmeter to the tangential 
gas inlet D\ of the jet. The argon goes through solenoid 2, a needle 
valve, a flowmeter and, initially, through a bypass needle valve 
around solenoid 3 to the lift gas inlet Hi of the atomizer. This 
initial flow of argon, while insufficient to lift the sample into 
the discharge zone, is sufficient to protect the atomizer tip from the 
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Fig. 7. Solution jet. 


plasma. To get the sample into the discharge, solenoid 3 is energized. 
The argon flow increases so that it is capable of lifting the sample 
and spraying it into the discharge zone. 


REGULATED HELIUM 
SUPPLY 


REGULATED ARGON 
SUPPLY 


5 

—Cxi - Cxi — | flowmeter} 




Fig. 8. Gas system for solution plasma jet. 
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TABLE II 

Component Parts otf Solution Plasma Jet 


Key* 

Description 

Material 

Dimensions 

A 

External electrode 

Tungsten 

3/32-in. o.d. rod 

B 

Cathodeelectrode 

Graphite 

12.5 mm o.d., 10 
mm i.d., 5mm thick 

C 

Cathodeassembly 

Brass 

1-3/4 in. o.d., 

1/4 in. thick 

D 

Chamber body 

Bakelite 

1-3/4 in. o.d., 

1 -5/32 in. i.d., 

3/4 in. high 

Oi 

Tangential gas 
inlet 

Copper 

3/16 in. o.d. 

E 

Anode electrode 

Graphite 

12.5 mm o.d., 

5 mm i.d., 5 mm 
thick 

F 

Anode assembly 

Brass 

Outside diameter 
to fit inside di¬ 
ameter ofehamber 
body, step edge 
to give desired 
separation of 
graphite elec¬ 
trodes, 5/8 in. i.d. 

G 

Atomizer as¬ 
sembly insulator 

Teflon 

5/8 in.o.d., 

3/8-in. -24- inter¬ 
nal thread 

H 

Atomizer as¬ 
sembly 

Brass 

Inner part of 
Beckman Atom¬ 
izer Burner 

/ 

External electrode 
holder 

Brass 

3/8-in. o.d. rod, 
inside threaded 

1/4 in,-20 

J 

Insulating washer 

Bakelite 

5/8 in. o.d., 

1/4 in. thick 

K 

Insulating washer 

Teflon 

1 in. o.d., 1/4 in. 
thick 


*K*yfor Fig. 8. 


The use of argon in the solution plasma jet results in a much 
lower impedance than in ihe gas jeL Consequently the solution 
jet is easier to power than the gas jet, which uses only helium. 
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Sensitivity and Precision 

While the subject has not been intensively investigated 
experience indicates that the sensitivity of the jet is comparable 
to other solution methods. Its special value is to be found in its 
stability. 

The original National Bureau of Standards (NBS) plasma jet 
provided coefficients of variation of 1% to 1.5%, with most of 
the residual error being attributed to the erratic wandering of the 
anode and cathode spot. The development of the stabilized jet made 
it desirable to test this hypothesis, so the tests were rerun at NBS 
using the external electrode model. The results of these tests con¬ 
firmed the value of stabilization as substantially lower coefficients 
of variation were obtained without optimization of operating param¬ 
eters. The limiting factor appeared to be constancy of atomization. 
With control of this parameter, coefficients of variation of less than 
0.5% should be readily attained. 

Status of Solution Jet 

The stabilized plasma jet for solutions is an unusually precise 
high-temperature excitation device for spectrochemical use. It must 
be investigated and refined by those workers with specific need for 
its special attributes. 
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Procedures for Testing Diffraction Gratings 

Edward Leibhardt 

Diffraction Products, Inc. 

Maywood, Illinois 


The first part of the paper will cover, in outline form, methods for 
testing gratings from the standpoint of the buyer. These will include both 
the visual methods for testing, without mounting the grating, and also the 
photographic and photometric methods when the grating is suitably 
mounted. 

The second half of the paper will cover tests that a manufacturer of 
gratings uses and how these are correlated to engine performance. 

ROWLAND GHOSTS 

For this test a low-pressure mercury lamp such as a G. E. 4-w 
Germicidal Lamp can be used. The mercury spectrum is viewed in all 
available orders, using a narrow slit and an eyepiece. In modern grat¬ 
ings, the estimate of the relative intensity of the ghosts is best made 
in the higher orders, making use of the square law. This law states that 
the relative intensities of the ghosts are roughly proportional to the 
square of the order of the spectrum. One of the following methods can 
be used for estimating the relative intensity of the ghost. 

1. If a camera is available in place of the eyepiece, a series of 
photographs having different lengths of exposure can be taken. A 
comparison of the density of the ghost as compared to that of the 
main line on one of the series of plates will give a fair estimate of 
the ghost intensity. 

2. A rotating disc with a radial slot of adjustable width is used to 
reduce the intensity of the main line a known amount, until the inten¬ 
sity of the main line and that of the ghost are equal. This method is 
not very accurate. For example, with a slit width of 1 mm, the cir¬ 
cumference of the disc would have to be 1 m in order to check 
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a grating whose ghost intensity was 1/1000 of the parent line. 
In most modern gratings the ghost intensity is much lower; for this 
reason this method could only be used in the higher orders. 

3. A step filter with accurately known transmission could be used 
to cover up the main line and estimate when the ghost intensity 
matched that of the filtered main-line intensity. This is a quick method 
but, again, gives only an estimate. 

4. The most accurate method is that using a photomultiplier tube 
and a strip-chart recorder with a suitable electronic system to give 
a linear response to intensity. Then either the grating is rotated 
or the slit is moved, and the peak response values of the main-line 
and its ghost, suitably amplified by a known amount, are record¬ 
ed. For modern gratings it is sometimes necessary to amplify the 
ghost signal by as much as 10,000 times; for this purpose special¬ 
ly selected photomultiplier tubes with low background noise must 
be selected. Sometimes it is necessary to refrigerate the photo¬ 
multiplier tube to get accurate readings. This test is usually made by 
the manufacturer of gratings, to keep a periodic check on the engine’s 
performance and the accuracy of the end thrust bearing on the lead 
screw. 


LYMAN GHOSTS 

Lyman Ghosts are characterized by the fact that they lie far 
from the parent line and originate from a periodic error not, asso¬ 
ciated with the period of the screw; they can, therefore, easily be 
mistaken for a weak line. One of the easiest ways to check for these 
ghosts is to insert a filter which will pass only a very narrow 
band and examine the available orders for false lines. In modern 
gratings, Lyman ghosts are rarely found with an intensity that can 
be readily measured. A visual test for these ghosts can be made using 
a wide slit and a mercury source and observing the region between 
the zero-order and the first-order violet line. This will reveal Lyman 
ghosts if they are present. The mercury source must be intense or 
Lyman ghosts of less than 0.001 of the parent line will not be re¬ 
vealed. These ghosts are important and should be measured in the 
grating if it is to be used in the extreme ultraviolet region. 

Another type of ghost which is sometimes called Lyman is the 
ghost caused by the index gears. For instance, in an engine where 
all the gear ratios are 1 :1 for a standard 600-line/mm grating, no 
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ghost will be found between the zero-order and first-order spectra. 
When the same engine rules a grating with 1200 lines/mm, it is neces¬ 
sary to use a 2 :1 ratio of index gearing, and when the spectrum 
is examined, a weak 600-line first order spectrum will be present 
between zero order and the first order of the 1200-line/mm spectrum. 
The intensity of this spectrum can be examined visually using a 
clear tungsten bulb (200 w), and if any doubt arises, it can be 
checked photometrically. Usually, careful selection of the gears in 
the index train is all that is necessary to bring the value down to a 
safe value of 1/5000 of the parent line for a first-order spectrum. 
These ghosts are only troublesome if the grating is to be used in the 
ultraviolet region. 


RESOLUTION 

The most frequent test for resolution is to photograph the hy- 
perfine structure of the 5461 A mercury line, using a mercury arc 
lamp operating at a very low pressure. A photographic plate on which 
the line is exposed at low or medium density will reveal the line 
structure and from this the resolving power can be calculated. 

Many other methods can be used for checking the resolving 
power, two of which are described below: 

1. In the calcite crystal method devised by John Strong 

[ 1 ] , one of the components of the mercury lines is split 
into two apparent components of opposite polarization by 
the calcite crystal, and the resolution is measured. 

2. In a method devised by Rank, Shearer, and Bennett 

[ 2 ] , the grating’s ability to resolve the qui-intensity per¬ 
pendicular components of a Zeeman triplet is observed. 

STRAY LIGHT 

Disturbances in the diamond carriage or the diamond mounting 
give rise to minute errors which will influence the diamond as it rules 
a groove. These errors cause what is known as foot-light around 
strong spectral lines and this light is proportional to the square of 
the order. By far the greatest cause of stray light is scattering by 
the roughness of the groove edges of the grating at its surface. This 
is primarily caused by the diamond itself or the improper weight on 
the diamond causing an excessive amount of metal to be pushed up 
during the ruling of the grooves. 
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In replica gratings another and quite independent cause for stray 
light is found, namely, that caused by the plastic film. This film 
may, because of enclosure of dust particles, insufficient cure time, 
or a slow chemical reaction between the plastic and the aluminum 
layer, cause the replica grating surface to slowly deteriorate. This 
will cause an excessive amount of stray light to be scattered from 
the surface of the grating. It is for this reason that Harrison, Loof, 
and Loofbourow [ 3 ] found that original gratings have less stray light 
than replica gratings. This is also why manufacturers of replica grat¬ 
ings constantly strive to find more stable plastics. 

Gratings to be used in the visual and near-ultraviolet region can 
be tested for common stray light in the following way. The grating 
is illuminated with a tungsten lamp (color temperature, 2800° K) at 
normal incidence. The ultraviolet radiation is absorbed by a filter 
so that no radiation from the second order overlaps the first order 
below 6000 A, the filter absorbing all radiation below 3000 A. A 
didymium filter (Corning 5120) is inserted in front of the source and 
the intensity at the 5825 A absorption band is measured with a photo¬ 
multiplier tube. 


If the spectral transmission of the didymium glass filter is small, 
the amount of stray light is obtained as the ratio of the measured 
currents, multiplied by a correction factor for the light which is in¬ 
cident through the filter on the grating, to the light that the un- 
liltered lamp would have given [ 4 ]. 


TARGET PATTERN 

If a photographic plate is inserted approximately halfway be- 

JZid r Y P J an ? and the gratin «- a Pattern of the light which 
wou!d have formed the spectral line will be photographed. The regu- 

! ack J lereof - « a direct check on the 
f 81 ™- The lack of regularity can general- 

^ S lg t changes in the frictio « between the grating 
carnage and its ways, changes in the temperature of the ruling engine 

carefuf studv TV, ^ ! which become apparent only after 

Sttit T T f“, be *"* *° tom. JL by 

EiLw r 1 plane “ d io<,kii, « ««■•«•»««>. n- 

mmated area of the grating responsible for the spectral lines. 



Procedures for Testing Diffraction Gratings 


159 


This visual method can be greatly increased in sensitiveness by 
the introduction of a knife edge (Foucault test) held in the focal plane. 
The image of the spectral line receives light from all areas of the 
grating if the grating spacing is uniform throughout. If there are in¬ 
equalities in the spacings, the region of larger and smaller spacings 
send light slightly to one side or the other of the image produced by 
the average spacing. As the knife edge is introduced at the focal 
plane, areas with less than average spacings will darken first, de¬ 
pending on the direction in which the light is cut off. In the ideal 
grating, the light should vanish at the same time over the whole 
ruled area. Areas which stand out brightly will cause satellites to ap¬ 
pear near the main line. This method can be directly correlated to the 
performance of the ruling engine, although it may not be easy to 
locate the cause for minute changes in the spacing without careful 
study of the ruling mechanism. 

INTERFEROMETRIC TESTS 

There are two interferometric test methods in use for checking 
diffraction gratings by manufacturers of gratings. The first is the 
microinterferometer, which is used primarily for checking the quality 
of the individual ruled groove; in this way it gives a direct check on 
the diamond surface being used for the ruling operation and also a 
check of the angle of the blaze. The second is the interferometric 
test devised by Stroke [ 6 1, for showing the irregularities of the wave- 
front of a ruled grating, using a large-aperture Michelson inter¬ 
ferometer modified in the Twyman-Green manner. The degree with 
which errors of groove spacings can be interpreted varies propor¬ 
tionately with the order or the sine of the angle at which the grating 
is illuminated; tests made in the sixth order are six times as sensitive 
as the phase-contrast method used by Ingelstam and Djurle [ 6 I, 
and it is much simpler to correlate with engine performance. 
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The Use of Time-Resolved Spectroscopy 
in the Investigation of Electrode 
Phenomena in Sparks 

B. W. Joseph and R. F. Majkowski 

Research Laboratories 
General Motors Corporation 
Warren, Michigan 


Tho appearance of spectral lines in a spark in approximately 10~ 8 
sec after the spark begins indicates the possibility that some other 
method besides electron heating is responsible for sample vaporization. 
Someiville postulates a process similar to sputtering as a possible mecha¬ 
nism for sample vaporization. Experimental evidence shows metallic ions 
are excited only when the sample is the cathode during an oscillating 
discharge. Although these time-resolved spectra do not as yet uniquely ex¬ 
plain the vaporization mechanism, the evidence supports Somerville's pos¬ 
tulate. Equipment for time-resolved spectroscopy is relatively uncompli¬ 
cated and could be added to an existing spectrographic laboratory at rea¬ 
sonable cost. Additional research in this field will ultimately aid 
spectroscopy as an analytical tool. 


INTRODUCTION 

The term “time-resolved spectroscopy” probably brings images 
of complicated electronic and/or optical equipment to the mind of 
the reader. This picture is not entirely true. Any spcctrographer who 
has made a moving-plate study of an arc or spark has resolved the 
discharge in time. If you want to know the relative volatilization 
rates of materials in the sample, you look at, say, 5-scc sections of 
a 60-sec exposure. If you have enough intensity, you could crank the 
plate racker a little faster and look at l-scc sections of the burn. 
Time-resolved spectroscopy in this part of the time spectrum has 
been used since the earliest days of spectrographic analysis. 
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lg. 1 . General v le w of optics for producing microsecond-resolution spectrograms, 
hree Portions of typ.cal spectra are shown at the right. The spectra shown are of a 

nickel alloy. The top one was obtained in air, the middle one in oxygen, and the 
lower one in argon. 

The time resolved spectroscopy to be described in this paper 
is a logical extension of moving-plate studies. If we can already 

°°4 at f. T C section of the exposure, then by moving the plate 
quite a bit faster we could look at a single spark discharge lasting 
only 100 ttsec or so. Rather than moving the plate, we can 
equivalently move the source along the length of the spectrograph 
entrance slit. For looking at a 100-gsec time section, rotating 
mirror optics such as those shown in Fig. 1 can be used. The 
rotating mirror is seen as the blurred object about in the middle 

the picture. The type of spectra obtained is shown on the right 
side oi the picture. b 

Though the equipment for looking at 100-gsec portions of the 

, neCeSSa 7' ly more implicated than moving plates, it can 
be stated to be simply an extension of moving-plate studies. In order 

calf !od f l tW ° CndS ° f thC time s P ectrum > I would like to 

snpciro 16S ° short 'P enod phenomena “microsecond-resolution 
spectroscopy. 

Since the early days of Bunsen and Kirchhoff, spectroscopy has 
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constantly improved. The improvement in analytical technique has 
been directly related to the increase in knowledge of what goes 
on in the analytical gap. Moving-plate studies have been important 
in gaining an insight into some of the factors affecting the emission 
of light from the analytical gap. The studies of short-period 
phenomena which began with Schuster and Hemsalech H around 
1900 have continued to interest the physicist and electrical engineer. 
Recently, Arpad Bardocz [ 2,3 1 has revitalized an interest in short- 
period phenomena as applied to spectrographic analysis, and has led 
us to study source parameters and atmospheres as they affect these 
phenomena in sparks. 


ELECTRONIC AND OPTICAL EQUIPMENT 

In the present work, the technique used is only one of a number 
of ways of obtaining microsecond resolution of spectra. The equip¬ 
ment is essentially an evolution which is particularly suited to 
studying sources similar to those used in spectrographic analysis. 

Since the time of Schuster and Hemsalech, a number of inves¬ 
tigators have used Kerr cells [ 4 ' 7 ] to resolve the spectrum in time, 
either visually or photographically. More recently, Blitzer and Cady 
[ a ] used a thyratron-triggered source and rotating mirror optics to 
obtain microsccorul-resolution spectra of single condensed spark dis¬ 
charges. Photography of single discharges requires energies of the 
order of 100 joules. These energies are about ten ten times higher than 
those used for spectrographic analysis. By using photomultipliers 
gated synchronously with the discharge, Crosswhite, Steinhaus, and 
Dieke H were able to record the time spectra electronically, using 
a source of 1 to 10 joules, or in the range of normal spectrographic 
sources. The electronically triggered spark source developed by 
Bardocz is sufficiently repeatable in initiation time so that thousands 
of discharges may be accurately superimposed in time. Except for the 
triggering method, this source is identical to many contemporary 
sources in spectrographic laboratories and, for this reason, was used 
for the present work. 

Figure 2 is a schematic of the optical system. This is a view look¬ 
ing straight down onto the system. As the mirror rotates, light from 
the triggering lamp strikes the phototube and fires the source. The 
light from the analytical gap passes through a horizontal slit which 
is imaged on the entrance slit of the spectrograph by a fixed concave 
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mirror and the rotating mirror in series. The fixed mirror folds 
the oiJticnl path and presents a diminished image of the horizontal 
s it to the rotating mirror. The height of the image of the horizontal 
lit on the slit of the spectrograph and the angular velocity of the 
. . ing determine the time resolution. In this work, the 

." ZOn , ta f S,lt was ased for tim e resolution of the spark and not 
pnmanly for spatial resolution of the gap. The spectrograph is a 
two-cornu pnsm type with an aperture of/12 and a resolving nower- 
LIT M ' 000 ,“ ?°“ A - w °rk in various 
window enC 0Sed m 8 8imple 3 ' liter glass chamber with a quartz 
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potential divider R\-R2 causes about half the voltage to appear 

“th° thC "IT gapS G1 and G2 ‘ 4s are SZ 

to utol? it? V6rge ° f finng - AS ,0ng as the th y ratron «• biased 

^ r T an ° pen CirCUit aCross G2 - When a s '£ nal to 

conduct ’ ii appears as a short 
across Gl TnH? ? Potential on the capacitor now appears 

down th/n t tT 1110 break d ° Wn> Imme diately that Gl bleaks 
on the c^naci? aCr ° 88 11 ^ l ° ab ° Ut 50 V ' The ful1 Potential 
itdown Aftor^h? ‘T®. 1 * 16 analytical « ap G3 - breaking 

the thvretmn A ^ dl3c h ar ge current flowing through 
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Fig. 4. Block diagram of optical pulse generator. 









166 


B. W. Joseph and R. F. Majkowski 

appear across G2, which then breaks down. The full discharge current 
then flows through all three gaps in series so that the thyratron does 
not carry the full load current. The source produces a typical oscillat¬ 
ing discharge. The period of oscillation of the spark transient is 
determined by the inductance and capacitance of the discharge 
circuit, as m conventional sources. 

The firing signal for the thyratron is derived from the rotating 
mirror through the pulse generator shown in Fig. 4. The signal from 
the phototube is shaped with a squaring circuit. The pulse is differ¬ 
entiated and clipped so the leading edge triggers a delay one-shot 
multivibrator. The output of the delay one-shot is a pulse of variable 
length, the leading edge of which is coincident in time with the 
leading edge of the light pulse. The variable-length pulse is then 
i erentiated and the trailing edge used to trigger a second one- 
shot multivibrator. The output of the second one-shot is a positive 
pu se of 125 v at a given time after the light pulse. The cathode 
tollower is used as an impedance matching device to the thyratron 
gnd. The drift in the firing signal to the thyratron was verified 
to be less than 0.5 nsec in 1 hr, as referred to the light pulse, 
short-term jitter is of the order of 0.06 nsec. 

EXPERIMENTAL RESULTS 

Figure 5 shows two wavelength regions of a microsecond- 
resolutmn spectrogram of a nickel alloy. The left side is around 
2800 A and the right side is around 2400 A. In this spectrogram 
and the ones to follow, wavelength appears horizontally across the 
iigure and time appears vertically. The time resolution on these 
plates is 1 nsec. The period of oscillation of the spark transient in 
fig. 5 is 4.7 nsec and the polarity of the discharge is such that the 
carbon counterelectrode starts out as the cathode. Lines from the 
tmosphere, air in this case, appear at the very beginning of the 

tlnlTT' Ti, heSe ..P 61-8181 onl y during the first half-cycle of the 
transient. These lines appear in the electron continuum. Next to 
appear are the lines of carbon from the counterelectrode. The first 

Ind UneS a ? pears wel1 within the continuum, 

, , ensi y these lines oscillates with a period equal to that 
of the spark transient. In the second half-cycle, the ion lines of the 

tTX? T.u ena a ? PCar and continue to osc dlate with a period equal 
to that of the spark transient, but 180° out of phase with the carbon 



Time-Resolved Spectroscopy 


167 



Fig. 5. Two wavelength regions of microsecond-resolution spectrum of a nickel alloy. 
Source parameters were: C = 0.015 farad, L = 40h, R = 0,/== 9.5 rf amp. 

The exposure was 60 min in an air atmosphere. Resolution on this plate is 1 noe c. 


lines. Typical arc lines of the sample, Ni I, Fe I, and Mo I, appear 
continuous in time with a single broad maximum. 

The phase shift between the sample lines and the carbon lines 
is shown more clearly in Fig. 6. This is a portion of the copper 
spectrum. The period of oscillation of the spark transient is 9.3 ^sec. 
Again, the polarity is such that the carbon counterelectrode starts out 
as the cathode. It is apparent that the copper line exactly Fills in the 
spaces in the carbon lines. Since the carbon started out as the 
cathode, the carbon lines lead the copper lines. If the polarity is re¬ 
versed, the copper lines lead the carbon lines. At the very beginning 
of the discharge there is some very faint radiation from the copper 
line. 

A similar phenomenon is shown in Fig. 7. This is a portion of the 
aluminum spectrum around 3600 A. Again, the polarity is such that 
the carbon starts out as the cathode, and the period is 9.3 /xsec. In 
comparing this figure with Figs. 5 and 6, it would appear that we 
have made a mistake. It certainly looks as if the aluminum is,present 
right at the beginning of the discharge along with the nitrogen and 
N 2 from the air, and it looks as if the period of the discharge is 
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Fig. 6. Portion of microsecond-resolution spectrum of copper. 

4.7 and not 9.3 nsec. Actually, there is no mistake. This aluminum 
was run with exactly the same conditions as the preceding copper. If 
you look closely at this aluminum spectrum, you will see that the 
second, fourth, sixth, eighth, and tenth half-cycles, during which the 
aluminum is the cathode, are indeed stronger than the odd half-cycles 
and the period of oscillation is truly 9.3 M sec. Although this Al 3586 A 
line is much too intense to make quantitative measurements, it is 
obvious that even though there is intense radiation when the sample 
is anode, the intensity is much higher when the sample is cathode. 
I he appearance of the microsecond resolution spectrum of aluminum 
is significantly different than the spectra we have observed of nickel, 

® nd , lron ' These diff erences that we observe point out one 
lield tor turther investigation. 

Information derived from plates such as shown in Figs. 5, 6, and 
7 has helped to clarify the picture of the formation of the spark 
and electrode phenomena in sparks. Fassel and Tabeling [ 10 | have 
shown that in unidirectional arcs, material is vaporized from the 
sample primarily when the sample is cathode. Loeb and Meek’s 
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streamer theory of spark formation [ n ] postulates a stream of positive 
ions growing back to the cathode from the anode during the very first 
stages of spark formation. Studies of the spark channel growth indi¬ 
cate that in this type of discharge the current density is of the order 
of 10 6 amp/em 2 . On the basis of this information, A. J. Rich [ 12 1 
has calculated that resistance heating would only be expected to con¬ 
tribute 10 to 20% of the energy input to the sample. J. M. Somerville 
[ 13 | postulates the direct action of positive ions on the sample 
surface to explain the appearance of spectral lines in much less time 
than it would take to boil the sample if resistance heating alone is 
responsible. 

If we again look at the nickel spectrum in Fig. 5, we see from the 
high intensity of the 0 11 lines that there are a very large number of 
ions in the atmosphere at the very beginning of the spark. Also, in 
the first half-cycle, during which the carbon is the cathode, the C II 
lines make their appearance very quickly. II. V. Knorr has measured 
the time of first appearance of electrode spectral lines to be something 
less than 10“ 8 sec after the spark begins. Although we do not have 
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anywhere near this time resolution, we would estimate the time for 
carbon lines to appear would be of this order of magnitude. 

Although our data are few and have not been quantitatively 
analyzed, they support the hypothesis that most of the sample vapor- 

“ at ‘°“ ! S due to * he di "«‘ action ^ Positive ions in a manner similar 
to sputtering. We would concur with Blitzer and Cady that the 
streamer theory of spark formation is probably true. Even through 
we can support some of the theories on the formative stages of the 

?Z^° Ur *T and r g0f the pr0CeS8es once the s P ark <*annel has 
formed are still rather hazy. The relation of process that we 

“T. 10 , t ^° Se 7 h,ch are observable in spectrographic analysis 
are hazier still; yet, we are gaining a better understanding of what 

goes on in the gap through the use of microsecond-resolution 
spectroscopy. 

? Xample ’ , Fig ‘ 8 shows the relative intensity of the Ni I 
3064.4 A hne as a function of time for various atmospheres. We al- 

ZlllT U ! at ^ atmos Phere affects the line intensities as seen 

rr a r tr0graphlC analysis[ 1 Now we 8ee that the intensities 

^nnH t d m ? Ult rr a pi i ofc>und manner when we look on the micro- 

Trdv fs Z l ( WG . l0 ° k at the effect of argon ’ for instance, not 
y s the peak intensity much higher than in air, but the line 

nereit Y f Per81S h f °!i & mUCh l0nger time than in air - In fact, the lines 

reZ on r tb U . i Wu ime that We COuld not * et the whole time 
ge on the plate. Whereas in the other gases the lines have dis- 

torlin «. y I'*** ° r ^?’ Wlth an argon atmosphere they continue 

in JSt!^ 0r .! onger ; 0bvious ly> the integrated intensity observed 
m spectrograph, 0 analysis will be much higher in argon than in air. 

factl r-I 860 ?! 11 " 16 WC 866 that there are a number of 
of the f contribute to the higher intensity seen on the other end 
of the time scale. Now we have a better idea of the effect of argon on 
line intensities as seen in spectrographic analysis, and in addition we 

C UeS t0 help determine the mechanisms respon- 
variolri 8 hlgh ,t r ' ategrated intensit y- By studying the effect of 
eventnnU -° n ^ sh ° rt "P enod phenomena in the spark, we will 
eventually gam an insight into the mechanisms of sample excitation. 

This exam P le ; consider the ratio of a spark to an arc line. 

aid hs«T k u haS Crept int0 the s Pectrographer’s jargon 

. k .. be f n handled about for some time. It has been found to be 

ZZ\ f indlCato !;° f 8am P le excitation [ 16 - “]. It has been proposed 
part of a method for specifying source parameters. But what does 
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Time (/i sec.) 

Fig. 8. Intensity variations of a nickel arc line during a spark for various 
atmospheres. 

this ratio mean when the spark lines occur only on the current peaks 
when the sample is the cathode, while the arc lines appear much more 
continuous in time? We don’t propose to answer that question, but 
we would like to show what we observe happening during the micro¬ 
seconds lifetime of a spark. 

Figure 9 shows the Ni III 2448.4 A: Ni 1 2472.1 A ratio as a 
function of time for various atmospheres. Since the Ni III line is 
discontinuous in time, we could only make microphotometric 
measurements on the peaks, and the abcissa of the graph is, there¬ 
fore, in terms of cycles. The immediately obvious characteristic 
shown by these curves is the logarithmic decay of the III : I ratio. 
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Cycles (4.7 sec.) 

Fig. 9. Variations in the Ni III to Ni I intensity 
rat.o during the spark for various atmospheres. 


This is an expected characteristic since the decay of the spark 
transient cuirent is essentially exponential. From what we have^re- 

fican 8 t y d°ff 8erVe<1 ° n ^ lme intensities > we might expect some signi- 
^ Ppear between the various gases. There are 
e i erences. The effect of the atmosphere is shown in some 
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radical changes in the spectral character during the lifetime of the 
spark. Not only does each gas impart its own initial effect, but the 
atmosphere can be characterized by the rate at which the III : I ratio 
decays. Whereas oxygen initially imparts the most sparklike 
character to the spectrum, the rate of decay is the most rapid and 
ultimately the spectrum ends up with the most arclike character. 
Argon, on the other hand, is exactly opposite in its effect. It originally 
gives the most arclike character to the spectrum, decays most slowly, 
and ends up with the most sparklike contribution. 

We have indicated a number of interesting aspects of micro¬ 
second-resolution spectroscopy. There are more problems than solu¬ 
tions at this early stage, but the problems are extremely interesting. 
Further studies of the effect of atmosphere on such simple things as 
line intensities, intensity ratios, and the spark-to-arc ratio on the 
microsecond time scale will eventually lead to a better understanding 
of the processes which influence spectrographic analysis. 

REFERENCES 

1. A. Schuster and G. Hemsalech, Phil. Trans. 193, 198, 1900. 

2. A. Bardocz, Spedrochirn. Ada 9, 307, 1955. 

3. A. Bardocz, Applied Spec. 11,167, 1957. 

4. J. W. Beams, Jr., and F. L. Brown, J. Opl. Soc . Am. 11, 11, 1925. 

5. S. Smith, Astrophys. ,J. 61, 186, 1925. 

6. E. 0. Lawrence and F. G. Dunnington, Phys. Rev. 35,396,1930. 

7. H. V. Knorr, Phys . Rev. 37,1611, 1931. 

8. L. Blitzer and W. M. Cady, J. Opt. Soc. Am. 41,440, 1951. 

9. J. M. Crosswhite, D. W. Stcinhaus, and G. H. Dieke, J. Opt. Soc. Am. 41, 

299,1951. 

10. V. A. Fasscl and R. W. Tabeling, Spedrochirn, Acta 8,20,1956. 

11. L. B. Loeb and J. M. Meek, The Mechanism of the Electric Spark , Stanford 
University Press, 1941. 

12. J. A. Rich, Resistance Heating in the Arc Cathode Spot Zone, Paper given at 
the 13th Annual Gaseous Electronics Conference, 1960. 

13. J. M. Somerville, The Electric Arc , Methuen & Co., Ltd., U>ndon, 1959. 

14. T. P. Schreibcr and R. F. Majkowski, Spedrochirn. Acta 12,991, 1959. 

15. T. P. Schreibcr and D. L. Fry, Spedrochirn. Acta 13, 99, 1958. 

16. L. Minnhagen and L. Stigmark, Arkivfor Fysik 13,27, 1957. 




Factors Influencing Sensitivity in 
Atomic Absorption Spectroscopy 

Raymond W. Tabeling and John J. Devaney 

Jarell-Ash Company 
Newtonville, Massachusetts 


The sovoral components comprising on atomic absorption instrumont 
art well known to omission spectroscophts. Novsrthslots, tho rolativo merits 
off thoso compononts and thair inflvonco upon tho sonsltivity off thair 
intorrolationship havo net yot boon wall dofinod. Tho rolativo noiso 
contributed by the hollow cathode, flame, and measuring system has been 
investigated and will bo roported in this paper. Methods for improving 
analytical sensitivity will bo illustrated by typical examples. 


Since the rediscovery of atomic absorption by Walsh [ l ] in 1955, 
much work has been published describing the various applications of 
this method to chemical analyses. Although various sensitivity limits 
have been quoted, little has been said concerning the methods used 
to achieve these sensitivities. It. is the purpose of this investigation 
to define the optimum operating conditions and equipment to achieve 
maxiinum sensitivity. 

The apparatus used in atomic absorption spectroscopy has been 
described in detail by others, but because of the wide choice of 
components available a brief description of the particular system used 
in this work will be given here. A detailed discussion of each compo¬ 
nent will follow. The general arrangement of the apparatus is shown 
in Fig. 1. 

The hollow-cathode light source emits the line spectrum of the 
element to be determined. The sample to bo investigated is intro¬ 
duced into the burner, which atomizes the solution and disassociates 
the molecules into atoms. Relatively few of these atoms will be ex¬ 
cited to higher energy levels by the thermal energy of the flame, 
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Fig. I. Diagram of apparatus. 


and the great majority of the atoms will be in the ground state and 
capable of absorbing the light emitted by the hollow cathode. A 
measurement of this absorption is the means for the definition of 
the concentration of the element present in the solution. The mono- 
chromator isolates the desired line from all others in the spectrum 
and the intensity of this line is detected and measured by a phototube 
placed at the exit slit of the monochromator. 

.1 Q ua, * tatlve analysis is thus made possible by the application of 
the oeer-Bouguer law 


A —- logio (Io/I) = abc 

where A is the absorbance, I 0 is the energy incident on the flame, 
I is the energy transmitted by the (lame, a is a constant for any given 
system, b is the burner length, and c is concentration. 

HOLLOW CATHODE AND POWER SUPPLY 

The hollow-cathode discharge tube has been generally accepted 
as the most suitable light source for atomic absorption. Ft is now 
readdy avadable commercially with a wide variety of cathode mate¬ 
rials. Quartz window tubes are available for use in the ultraviolet 
region. These tubes produce very sharp line spectra of high intensity 
nd are very stable even when operated by an unregulated power 
»pp y. Appointed out b, Walsh [■], .harp are" neoasTy i„ 
order to obtain measurements of peak absorption. 

i nt .n?‘i ea V mPOrta, l Ce J ShOUld be Placed on the hol,ow cathode’s 

a “™ e "° m 11,8 - ° r h * h - i " te - 

• . * n . ° r n er f ?° inl 0Ut the im P° rlan ce of the hollow cathode’s 
measured- eer * &W ^ ^ rewritten in terms of what >s actually 
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log / = log Io—abc 

It is apparent that any increase in h causes a corresponding increase 
in /. Since / is the quantity to be measured, it should be as large 
as possible to eliminate any measuring errors. This can be accom¬ 
plished by ensuring that Jo is large enough to make the errors in¬ 
troduced negligible. 

One of the largest errors introduced is that caused by emission from 
the flame. Although this can be eliminated by the chopping technique 
described by Russell, Shelton, and Walsh [ 2 ], it can also be eliminated 
in many cases by making J 0 large enough so that the emission in¬ 
tensity from the flame becomes insignificant. Table I shows the 
emission intensity (L ffl ) for 100 ppm Cu to be 0.1 /*a (photomulti¬ 
plier output) in this particular experimental setup. If the hollow 
cathode ( HC) is run at 6 ma, the total intensity Jo is 0.3 n&. In 
this case / (niB is 33% of Jo. If, however, the hollow-cathode current 
is raised to 14 ma, Jo becomes 10 jta, and since Jemm remains con¬ 
stant for a given concentration, it is now only 1% of / 0 . The effect 
on the measured quantity I can be seen by comparing the 43% ab¬ 
sorption measured when Jo = 0.3 n a with the 45% when Jo = 10 jia . 
Thus, the need for chopping can be eliminated in many cases, because 
at very low concentrations I €mm can be considered so small when com¬ 
pared to Jo as to be completely negligible. This has great practical 
importance because it permits a simplified optical and detection 
system to be used; in fact, the same system can be used for flame 
spectroscopy and immediately changed over to absorption by the 
addition of a hollow-cathode lamp. In practice it will be found 
practicable for all elements other than the alkalis when high-intensity 
hollow-cathode lamps are available. 

While simple filter photometers have high optical speed, in 
general the optical speed of an instrument varies inversely with its 


TABLE I 


h HO 

/«mmr HO 

/,% 

HC, ma 

0.3 

0.102 

43 

6 

1 

0.1 

58 

7 

3 

0.105 

64 

10 

10 

0.1 

65 

14 


100 ppm Cu 3247 A 
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bandpass. While filters and low-resolution monochromators are ad¬ 
equate for elements of simple spectra, more complex spectra require 
higher resolution. If the flame is to be multipassed as is described 
later, each reflecting and each transmitting surface attenuates the 
light from 5 to 20%, so that after several passes 50% of the signal 
can easily be lost. Since photomultiplier detectors, the usual light 
transducer, develop considerable noise as they are required to deliver 
more and more gain, the more light available, the better the signal- 
to-noise ratio in the detector can be, and the better the resulting 
sensitivity. 

It must be cautioned, however, that high hollow-cathode-tube 
currents can broaden the emission lines from these sources, which 
results in an effective decrease in absorption, reducing sensitivity. 
Clearly, these interrelated factors must be balanced to effect the 
best set of operating conditions for any particular setup. 

Since hollow-cathode lamps are gas-discharge devices operated 
on a voltage plateau, there is little point in voltage-regulating their 
supply. However, since their voltage-current characteristics are tem¬ 
perature dependent, the most stable electrical and light-output 
characteristics are obtained by regulating the current supplied to the 
i* 1 6 n * enC6 ’ * n wor k ^he hollow cathodes were excited by a 
JareU-Ash #82-135 current-regulated hollow-cathode power supply 
which is continuously variable from 5 to 100 ma. 

Regulation is accomplished by sensing the voltage drop across 
a resistor in series with the hollow-cathode tube, comparing this to 
a stable reference voltage, and amplifying the difference which is 
used to control the output of the supply. Current regulation accom¬ 
plished by this technique is better than 0.1%. Even with a single¬ 
channel system after / 2 hr warmup, stability is within 2%/hr. 

BURNER-ATOMIZER 

The first burner tried was similar to the one described by Walsh 
and others. It consisted of a discharge-type atomizer coupled with a 
burner to give a thin flame about 10 cm long. Many modifications 
were made in an attempt to achieve a stable flame, but even the best 
that could be achieved was far inferior to that obtained by Clinton 
L I. 1 he discharge-type atomizer used with this burner converted 
only a small portion of the total sample into very fine droplets 
which were then fed to the burner. The greater part of the sam- 
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pie was drained from the atomizer by means of a waste tube. Ab¬ 
sorption measurements made with this burner showed that it lacked 
sensitivity. This was attributed partly to the noise, but mainly 
to the small amount of sample being introduced. Consequently, we 
went over to an integral-aspirator burner such as that made by 
Beckman. This type of burner injects the total amount of sample 
aspirated directly into the burner, thus providing a large concen¬ 
tration of atoms in the flame. 

It is known from flame-emission spectroscopy that maximum 
intensity is found only in certain portions of the flame. In order 
to find the best region for absorption, the light from the hollow 
cathode was passed through various regions of the flame and the 
amount of absorption recorded. Figure 2 shows the amount of absorp¬ 
tion plotted as a function of the height above the burner tip. 

It is seen that although some absorption occurs in every part of 
the flame, the best region is 3-4 in. from the burner tip. For maximum 
sensitivity, a reducing flame approximately 6 in high, and very rich 
in hydrogen was used. It is also found that the amount of absorption 
varies from burner to burner and it is worthwhile to investigate a 
number of burners in order to determine which are the best. Using 
one burner as described above, sensitivities in the order of 0.5 ppm 
for Ni and Cu and 2 ppm for Fe were attained. These are considered 
quite good in that they compare with the sensitivities of the 10-cm 
burner, although the absorbing path of this flame is only about 2 cm. 
It is known that sensitivity is approximately proportional to the 
length of the flame, but it also depends on the number of absorbing 
atoms in a given flame length. It appears from the above that the 
2-cm burner length provided by the Beckman burner is approximate¬ 
ly equivalent to the 10-cm burner in common use. 

The burner as used in most of our applications was operated at 
15 psi oxygen or air. The hydrogen pressure was adjusted to give 
maximum absorption. Under these conditions the burner consumed 
about 1.5 cc/min of sample and the flame was about 6 in high. 

Because of the small size of the burner it was decided to increase 
the effective flame length by arranging a number of these burners 
along the optical axis. This was done in combinations of up to five 
burners. With all five burners running, the fuel and sample consump¬ 
tion was quite high, and the results obtained indicated that there 
was little to be gained by the use of more than three burners. Figure 3 
shows the increased absorption gained by the use of two additional 
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Fig. 2. Absorption plotted as a function of the height above the burner tip. 

burners. Three burners in series gave an effective path length of 
about 6 cm and increased the sensitivity so that 0.1 ppm Ni could 
be detected. 

Another way to increase the effective flame length is to use a 
system of multiple passes. This was done as shown in Fig. 4. This 
should increase the effective length of the flame by a factor of five. 
Actually, it is not quite that good as all of the passes do not go 
through the most absorbing regions of the flame. In spite of this, 
a substantial gain was realized as the sensitivity was increased to 
0.05 ppm Ni. A system using seven passes was also tried but the re¬ 
flection losses from two additional mirrors required the amplifier 
gain to be turned up to a point where noise became the limiting 
factor. 

A J. U. White multipassing system [ 4 ] was also tried ex¬ 
perimentally, but since it was not practical to use more than about 
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Fig. 3. Increase in absorption with additional burners. 

5 passes because of reflection losses, its main advantage, that of 
providing the possibility of using a large number of passes, could not 
be used. 

The present system was chosen because it not only permitted on- 
axis admission and exit of the light, which is convenient in optical 
bar-type mountings, but also offers simplicity of alignment. 

LINE CHOICE 


Another factor involving sensitivity, and probably the most im¬ 
portant, is the line chosen. It has been pointed out by others that 
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lines which return to the ground state are the best lines for absorp¬ 
tion. Unfortunately, there is no way to predict which line is the best. 
An experimental method for finding the best line has been described 
t>y Allan l j and a somewhat similar method has been used in this 
laboratory. Tables prepared by Charlotte Moore [ 6 ] list lines of the 
elements and their associated energy levels. After listing all the lines 
which return to 0.00 ev, one then scans the monochromator over the 
spectrum and examines each line for percent absorption. Table II 
shows a list prepared for copper. A 100-ppm Cu sample was used and 
the amount of absorption for each line was recorded. This shows the 
Cu 3247 A line to be the best. 


TABLE II 

Absorption of Various Cu Lines 


Line, A 


Excitation 

- Potential, ev Intensity Absorption, 

Low High % 


2165.1 

0.00 

2178.9 

0.00 

2181.7 

0.00 

2225.7 

0.00 

2244.3 

0.00 

2441.6 

0.00 

2492.1 

0.00 

3247 

0.00 

3247 

0.00 


Sample, 100 ppm Cu> 1 burner 


5.70 

1300R 

25 

5.66 

1600R 

30 

5.66 

1700R 

30 

5.54 

2100R 

16 

5.50 

2300R 

0 

5.05 

1000R 

0 

4.95 

2000R 

3 

3.80 

1000R 

85 

3.77 

600R 

62 



it Abaorption 
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The fact that different lines have different sensitivities can be 
put to good use. By looking at Fig. 5 it can be seen that the Cu 3247 A 
line is the most sensitive, but it cannot be used above 100 ppm. In 
order to accomplish this, the Cu 2244 A line can be used as it is quite 
linear in the 100- to 10,000-ppm range. Other less sensitive lines could 
also be used for higher concentrations. 

MONOCHROMATOR 

Because of the complex spectra of Fe and Ni, a good monochro¬ 
mator is necessary to isolate the desired line from all others. The 
instrument used in this work was a Jarrell-Ash Model 82-000 Ebert 
Scanning Spectrometer. When used with a 30,000-line/in. grating, 
this unit gives a linear dispersion of 16 A/mm and resolution of at 
least 0.2 A in the first order. This resolution is required to separate 
the Ni2320.03 A line from the one at 2319.76 A. If this is not done, 
the intensity of the 2319.76 A line is included in / 0 . This has the 
effect of broadening the absorbing line and diminishing its sensitivity. 
Figure 6 shows the complexity of the Ni spectrum in this region. 

Another advantage of this equipment is the fact that by merely 
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8 



Fig. 6. Nickel spectrum. 


turning off the hollow cathode, one has at his disposal an excellent 
flame photometer. 

It has been shown how each component, when considered sep¬ 
arately, contributes to the sensitivity of the complete instrument. In 
order to appreciate the sensitivities achieved by the proper utilization 
of each component, atomic absorption spectroscopy should be com¬ 
pared with other methods. Table III shows the sensitivity limits for 
two of the most common methods of chemical analysis l 6 J. Under 
atomic absorption there are two columns. Column A lists the best 
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TABLE III 

Sensitivity Limits (ppm) for Three Analytical Methods 


Element 

Spectrographic 

Flame 

Atomic absorption 

A B 

Fe 

0.5 

6 

2.5 

0.1 

Ni 

4 

1.0 

1.0 

0.01 

Cu 

0.05 

0.6 

0.5 

0.01 


sensitivities achieved at this laboratory. The comparison is made to 
illustrate the substantial increase in sensitivity that can be made by 
the optimum choice and utilization of components. 
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Analysis of Europium Oxide for Rare 
Earth Elements and Other Impurities 

J. T. Rozsa and J. Stone 

National Spectrographic Laboratories, Inc. 

Cleveland, Ohio 


Quantitative spectrographic procedures have been applied to the 
analysis of europium oxide. Because of its relative volatility in comparison 
to the other rare earth elements, the total-energy and carrier-method 
approach had to be modified to minimize background. Some 20 elements 
are included in the range of 1 to 10,000 ppm. Precision has been found 
to be 5 to 20H. 

The analysis of purified lanthanide elements poses several very 
interesting technical problems. These elements, while chemically 
similar, have widely different evolution characteristics, spectrograph- 
ically [ u l. Europium is the most volatile of the group, and in addi¬ 
tion, has very complex spectra. A literature survey does not reveal 
very much specific information on the analysis of purified europium 
oxide. The extensive work of Fassel [ 3 ] and his collaborators on other 
members of the lanthanide group was, of course, helpful. 

TOTAL-ENERGY METHOD 

The total-energy method first described by Slavin [ 4 ] was the 
initial subject of study. Extensive previous experience with rare earth 
analysis in this laboratory had demonstrated that the total-energy 
method would offer the optimum possibility for precision and modest 
sensitivity. 

To control the unusually high volatility of europium without 
suppression of the impurity elements, a mixture of carbon black and 
-325 mesh carbon was mixed intimately with the sample. The rapid 
formation of the carbide bead within 5 sec, as indicated by x-ray 
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diffraction analysis, permitted a reproducible controlled evolution of 
impurities into the arc column. 

An arc programing procedure was utilized for excitation in which 
the arc amperage was held to the low value of 10 amp for 15 sec 
and then raised to 30 amp for 120 sec, without interruption of the 
arc. Figure 1 illustrates the typical time of wait obtained. The graph 
is somewhat condensed for ease of presentation. In addition to pro¬ 
viding the few seconds for complete material carburization, the initial 
low amperage also materially reduced spattering of the charge from 
the electrode cup and promoted obtainment, of 45° working curves. 

In programing the arc, various amperage values were investi¬ 
gated but the greatest improvement in sensitivity was realized for the 
10- to 30-amp regime, particularly for the titanium and zirconium 
determinations. A comparative chart, Table-1, partially reveals the 
influence of arc programing upon sensitivity. The inert-gas combina¬ 
tion of argon and oxygen was helpful but the improvement did not 
warrant the additional precautions at this time. 

FRACTIONAL-DISTILLATION METHOD 

To obtain the requisite sensitivity, the carrier distillation method 
of Scribner [ 5 ] was utilized. Using this method evoked some mis¬ 
givings since no carbon buffer is normally used in a carrier distilla¬ 
tion method. To suppress the europium sufficiently long to permit 
evaluation of impurities, gallium oxide alone has proved satisfactory. 
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Figure 2 illustrates, by a time-of-wait curve, why silver chloride and 
several others were unsatisfactory. 

A particular effort was made to develop overlapping working 
curves by the total-energy method as a check. This system tends to 
ensure that any irregular and unexpected matrix effect will be 
obvious. Reliance is placed upon the total-energy method. 

INSTRUMENTAL DETAILS 

The method summary is detailed in Table II. The analytical line 
pairings are listed in Table III. The wavelengths follow the tables 
prepared by J. A. Norris [ 6 ]. 

A high-dispersion spectrograph, Bausch and Lomb Dual Grat¬ 
ing, is utilized to handle the complex spectrum. Copper, titanium, 
and zirconium required 1.2 A/mm reciprocal linear dispersion to 
eliminate interferences. 

The alkali method is a total-energy type since lithium, with its 
erratic refractory nature, makes the use of carrier methods pre¬ 
carious. No standards are available, hence it was necessary to 
synthesize the reference samples. Weighed C. P. oxides of the respec¬ 
tive metals are carefully hand ground under alcohol into a repurified 
europium oxide to the desired impurity concentrations. Residual 
element concentrations in the blank or base oxide are determined 
and values corrected by the Pierce approximation method [ 7 J. 



Fig. 2. Carrier distillation evolution for Eu20s* 
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TABLEI 

Effect of Excitation Form upon Sensitivity* 


Element 


Method and Excitation 


Total-energy: 
30-amp ac 

arc 

Total-energy: 

10-to 30-amp 
programed arc 

Carrier: 

20-amp dc 

arc 

Sm 

100 ppm 

20 ppm 

2 ppm 

Gd 

10 

5 

100 

Pb 

100 

11 

1 

Si 

15 

2 

14 

Zr 

14 

7 

50 

B 

1 

1 

2 


* Entries represent typical sensitivities. 


TABLE II 

Summary of Spectrographic Method for Analysis of Eu^Os 


Method 




Total-energy 

Carrier 

Total-energy 

Excitation 


Sustaining 

dc arc 

Sustaining 

Amperage 



10-30 

20 

18 

Exposure, total 


15-120 

50 

90 

Spectrograph 



Dual 

Dual 

Dual 

Range, A 

A 

2700-3200 3250-3750 

2500 - 2500 

5850 - 6850 


B 

3260-3560 3900-4400 

2100-2600 

7000 - 8000 

Dispersion, 

A 

2 

2 

4 

4 

A/mm 

B 

1.2 

2 

2 

4 

Filters, 

A 

12 

12 

100 

100 

%T 

B 

100 

100 

100 

100 

Over-all 

100/12 

100/12 

100/12 

100/12 






Corning 

Electrode 






Charge, mg 


35 

35 

50 

15 

Diluent 


C 50% 

C 50% 

GajOj 10% 

C50% 

Electrodes 


L 3751 

L 3751 

L4036 

L3751 



L3709 

L 3709 

L 3918 

L3777 
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TABLE III 

Analytical Line Pairings for Analysis of E112O3 


Method Element Wavelength, A Range, ppm 


Total-energy Eu 

Mg 

Mn 

Pb 

Cr 

Sn 

Hf 

Si 

Th 

Ni 

Fe 

Al 

Mo 

Cu 

Ti 

Zr 

No 

Ba 

Li 

K 

Carrier - 

Cd 

Co 

B 

Si 

Cu 

Ag 

Zn 

Ca 

Cr 

Sm 

Yb 


3137 

Int. Stnd. 

2791 

1- 100 

2801 

1- 250 

2802 

10- 700 

2835 

3- 400 

2840 

10- 300 

2820 

100-1000 

2881 

2- 200 

2982 

100-1000 

3002 

2- 200 

3020 

4- 800 

3082 

10- 200 

3133 

5- 200 

3274 

10- 100 

3349 

10- 100 

3392 

10- 100 

5890 

1- 100 

6142 

1- 85 

6708 

1- 100 

7665 

1- 100 

50%T 

Int. Stnd. 

2288 

0.8- 10 

3453 

1- 10 

2498 

1- 150 

2881 

1- 30 

3274 

1- 30 

3282 

1- 10 

3345 

10- 110 

4227 

1- 100 

4254 

1- 100 

4281 

2- 50 

3694 

5- 50 
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TABLE III (continued) 


Method 

Element 

Wavelength, A 

Range, ppm 

Total-energy 

Eu 

3391 

Int. Stnd. 


Gd 

3422 

5- 300 


Sm 

3628 

20- 500 


Dy 

3385 

1- 400 


Er 

3373 

1- 500 


Tm 

3462 

10- 500 


Yb 

3694 

1- 400 


Sc 

3630 

1- 300 


Ho 

3400 

10- 300 


Ce 

4012 

75- 500 


La 

3988 

5-1000 


Y 

3629 

9- 100 



TABLE IV 

Precision Data for Analysis of E112O3 


Method 

Element 

Concentration, ppm 

Coefficient 
of variation 

Total-energy 

Yb 

52 

8.9 


Pb 

101 

13.5 


Mn 

100 

13.0 


Si 

no 

5.6 


Fe 

100 

6.5 


Tm 

52 

6.6 


Y 

52 

5.8 


Gd 

52 

5.3 


Ti 

104 

7.6 

Carrier 

Cd 

100 

19.2 


Si 

52 

17.6 
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PRECISION 

Repetitive precision studies indicate that a normal coefficient 
of variation of 6 to 10% is obtained for the total-energy method, 
and 20% is obtained for the carrier method. (See Table IV.) 

No comparable methods were available for accuracy study, but 
metallurgical applications have confirmed numerous analyses. 

CONCLUSION 

A method has been developed for the spectrographic analysis of 
37 elements, including 13 rare earth elements in europium oxide. The 
concentration range of the impurities is 1 to 1000 ppm with a pre¬ 
cision of 10 or 20% coefficient of variation. 
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Progress in Atomic Absorption Spectroscopy 
J. W. Robinson 

Esso Research Laboratory 
Baton Rouge, I^a. 


The field of atomic absorption, including advantages and disadvantages, 
variables, elements determinable, forced-feed burners, spark sources, flame 
adapters, and dispersion requirements is reviewed. A comparison is made 
with flame photometry. 


ADVANTAGES AND DISADVANTAGES 

The principal advantages of atomic absorption spectroscopy, 
based on experimental work, include a high degree of sensitivity, 
freedom from interference from other metals present, and simplicity 
of operation. 

The principal disadvantage seems to be that when a flame is used 
as the atomizer, a number of metals form a refractory oxide and are, 
therefore, not detectable in this system. 

In order to obtain reproducible analytical results, it is necessary 
to control certain variables. These are similar to the variables en¬ 
countered in flame photometry and include: (1) rate of sample feed 
into the burner, (2) type of fuel used in the flame, (3) ratio of fuel 
to oxygen in the flame, (4) the part of the flame examined, (5) the 
solvent used in the sample, and (6) the ion or organic addend with 
which the sample metal is associated in solution. 

It will be noted that each one of these variables directly affects 
the number of atoms produced in the flame and, therefore, the 
number of atoms in the light path. 

RECENT ADVANCES 


Forced-Feed Burner 

A burner has been developed in which the sample was mechani¬ 
cally nebulized and sprayed into a flame for reduction to atoms. 
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The feed rate was independent of the flow rate of the fuel and oxygen 
and was, therefore, independent of aspiration. Results indicated that 
the optimum conditions for absorption and emission are quite 
different; further, these conditions are extensively modified when an 
organic solvent is used instead of an aqueous solvent. Results are 
listed in Table I. 


TABLE I 

Optimum Conditions for Emission 
and Absorption, Using A Forced-Feed Burner 




Fuel pressure, psi 

Solution 

Atomic absorption 

Emission 


Ha 

o 2 

<5 

C4 

X 

Aqueous 

2.0 

0.6 

3.5 8.0 

Organic 

0.2 

0.6 

0.2 2.0 


Effect of Solvent 

Solutions of nickel naphthanate were made up in various organic 
solvents and a relative degree of absorption at fixed feed rates was 
measured. It was found that in the solvents studied the degree of 
absorption was almost independent of the particular solvent used. 
This is in direct contrast to results obtained when an aspiration 
burner is used. These results indicate that the atomic absorption 
may be free of interference not only from other metals, but from 
the matrix of the sample. 

Flame Profile 

The intensity of emission and the relative degree of absorption 
were measured at different parts of the flame. The results show that 
the maximum absorption took place at a considerably higher part of 
the flame than the point of maximum emission. This was probably 
because the lifetime of an excited atom is much shorter than the 
lifetime of an unexcited atom, thus allowing some accumulation of 
ground-state atoms as compared to excited atoms. The results thus 
indicate that the excited atoms are not in direct thermal equilibrium 
with the ground-state atoms, otherwise the points of maxima should 
nearly coincide, some difference being obtained because of change in 
flame temperature with the increasing height. However, these results 
seem to indicate that at the point of maximum emission, extra 
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excitation is caused by the other energy sources such as chemilumi¬ 
nescence or ultraviolet light. 

Atomization Using Electrical Discharge 

In the past, a flame has been used principally for the atomization 
of the sample. One of the more serious disadvantages of the use of 
a flame was that some metals formed refractory oxides during 
combustion and were not reduced to the metallic state. This pre¬ 
vented their detection and determination by atomic absorption 
spectroscopy. It was anticipated that if these metals could be broken 
down to the atomic state by an alternate means, they would be 
determinable. The metal studied was aluminum. Attempts to reduce 
this to the atomic state in flames have been unsuccessful, even 
using oxycyanogen flames at flame temperature up to 4500°C. 


Detector 



Fig. 1. Optical alignment for spark and spray atomization of aluminum. 

An ARL Quantometer was used as a spark detection system 
purely for demonstration purposes. The optical alignment is shown 
in Fig. 1. The sample was sprayed into the discharging spark, using 
an insulated forced-feed burner. When the electrode was discharged 
across a flame containing the sample, no visible discharge occurred 
and no absorption by the metal was detected. However, when the 
metal was merely sprayed into the electrical discharge, appreciable 
absorption took place. With results obtained at a wavelength of 
3944 A, the limit of detection of aluminum was 1 ppm. This 
illustrated the high efficiency of this system in producing unexcited 
metals in the atomic state. 
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Flame Adapter 

The extent of absorption by metal atoms is a direct function of 
the number of unexcited atoms in the light path. In an attempt to 
increase this number, an adapter was designed to change a narrow 
flame into a broad flame. It was hoped that the number of unexcited 
atoms in the light path would be increased and the number of excited 
atoms in the light path would be decreased. This should lead to an 
increase in the absorption signal and a decrease in the emission signal 
from the flame. The flame adapter is illustrated in Fig. 2. 


Path Length 

1 ^ —■— ■ — 1 — —— ^ 1 


Light Source 



Burner 

Sample 


Fig. 2. Flame adapter, schematic. 


The flame used was an oxyhydrogen flame and the samples were 
in aqueous solution. In preliminary tests using sodium and nickel, 
however, the adapter was not successful. In both cases, presumably, 
the atoms were oxidized before reaching the pertinent part of the 
adapter. However, when an aqueous solution of platinum was 
aspirated, a tenfold increase in absorption was observed. The limit of 
detection reached was about 1 ppm in this case. The results lead us to 
conclude that the adapter could not be used for the determination 
of the alkali metals and some of the transition metals; however, it 
should be useful for determination of low quantities of the noble 
metals. Further, it is anticipated that if flame conditions could be 
regulated to prevent the formation of metal oxides from t he metal in 
the upper portions of the flame, its use might be extended to include 
other elements, particularly the transition elements. 

Dispersion Requirements 

It was shown that with decreasing slit widths, the limits of 
detection for nickel, using a wavelength of 3414 A, were pro- 
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gressively decreased. This was probably because less unabsorbable 
light was allowed to fall on the photomultiplier detector, thus 
improving the signal-to-background relationship. Results showed 
that with a spectral slit width of 3.2 A, the limit of detection of 
Ni (3414 A) was 5 ppm, but with a spectral slit width of 25 A, the 
detection limit was 10 ppm. 

These results show that for transitional elements, at least, a 
suitable prism or grating should be used in order to obtain high 
sensitivity. However, for alkali metals where other lines are 
somewhat remote from the absorbed lines, a light filter would 
probably be sufficient. 




Applications of Quartz Prism 
Spectrophotometers—A Review 

R. J. Manning 

Beckman Instruments 
Lincolnwood, Illinois 


A brief review of ultraviolet, visible, and near-infrared spectropho¬ 
tometry, covering absorption, transmission, emission, and reflectance stud¬ 
ies. Uses of the relatively new far-ultraviolet region are covered. 
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The Evaporation of Boron from Acid 
Solutions and Residues 

C. Feldman 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 


In determining traces of boron it is often necessary to heat or evaporate 
an initially add solution without losing boron. This loss can be prevented 
by introducing excess alkali, but this is often inconvenient and complicates 
the final spectrographic determination. It was therefore decided to (1) 
determine the seriousness of losses of boron during the evaporation (or 
heating) of various acid solutions at steam-bath temperatures (^80°C) 
and above, and (2) look for a method of preventing such losses if they 
were substantial. 

Various acid solutions containing boron and cobalt were sampled at 
successive stages of evaporation and the boron-cobalt concentration ratio 
measured. Analytical exposures were made with carbon porous cups on 
an ARL Quantometer. The intensity ratio B 2497.73 : Co 2582.24 was 
measured; the mean relative deviation of duplicate exposures made with 
different electrodes was =fc 1.88%. 

Leu than 5% of the boron was lost from any of the acid solutions, 
except HCI, until the volume was very small. Boron volatilized relatively 
quickly from the dried residues. However, the presence of a fifteenfold 
molar excess of mannitol prevented this lou when not destroyed by the 
acid. 

Experiments indicated that the fuming of H2SO4 and HOO4 and/or 
the subsequent baking of residues so obtained caused substantial losses 
of boron. The accuracy of procedures involving such steps is thus dependent 
on making the fractional lou of boron equal in samples and standards. 
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Sample Problem in Raman Spectroscopy* 


Marvin C. Tobin 

Chemicul Research On lor 
American Cyanamid Co. 
Stamford, Conn. 


The sample problem has inhibited widespread use of Raman spec¬ 
troscopy. The main aspects of the sample problem are turbidity, color, and 
fluorescence. Turbid samples may be successfully run by suitable filtering 
of exciting light and by using a sharp bandstop filter to remove exciting 
light from the Raman spectrum. Theoretical analysis shows that a Toronto 
arc source combined with a conical sample tube will give the highest yield 
of Raman radiation. The effidencies of alternative sample shapes and op¬ 
tical designs, including beam-splitting arrangements, may readily be cal¬ 
culated by use of general principles. 

The problems of color and fluorescence seem insuperable as long as 
the mercury blue line is used for excitation. The mercury green line and 
helium yellow line are useful sources, which do not strongly excite fluores¬ 
cence if short-wavelength light is filtered out. The cadmium red and lithium 
red lines are other likely long-wavelength source lines. It seems entirely 
feasible to construct a turbid-sample source using yellow or red exciting 
light and thus get rid of the sample problem entirely. However, such a source 
would at present be limited to photographic recording. 

Use of laser or other high-intensity sources might change this picture 
entirely. 


Raman spectroscopy has never reached the advanced state of 
development of infrared spectroscopy. While bench-model infrared 
spectrometers for use by organic chemists are to be found today 
in every large industrial laboratory, Raman speclroscopy is carried 
out mainly in universities or research institutes. The reason for this 
is not, as is sometimes staled, that infrared spectroscopy provides 
the same information. Double and triple bonds, S-S bonds, low- 

*A Contribution from the Chemical Research Department, Central Research Div¬ 
ision, American Cyanamid Company. 
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lying frequencies and a host of other molecular properties are best 
studied through Raman spectroscopy. The limited use of Raman 
spectroscopy, rather, arises from the set of nuisances known col¬ 
lectively as the sample problem. 

. ^ ^e recalled that a Raman spectrum is excited by illumi¬ 
nating a sample with intense monochromatic radiation. The scat¬ 
tered light contains, in addition to the exciting wavelength, addi- 
tional wavelengths corresponding to the Raman lines. The intensities 
of the Raman lines are generally 10' s to 10' 4 that of the scattered 
exciting line, the Rayleigh line. In order to get intense exciting light, 
it has proved necessary to use line-emission sources, most commonly 
mercury. One is thus limited to those exciting wavelengths which are 
naturally strong lines in an emission spectrum. Furthermore, it is 
necessary to use elements with few emission lines as sources, so that 
other emission lines should not block Raman lines. Extraneous emis¬ 
sion lines, which might also excite the Raman spectrum, must be sup¬ 
pressed by suitable filters. 


.. * nost convenient line to use has been the blue Hg4358 A 

me. is line is intense, the neighboring lines are readily suppressed, 

and ia t ”® r? rCl 7 lamps are not difficu,t to usc - T he use of the 
Hg4358 A line brings us to the first aspect of the sample problem, 

color. If a sample has a strong absorption band in or near the blue 
region of the spectrum, the exciting line is absorbed, and little or 
none of it gets in to excite a Raman spectrum. Conventional Raman 
spectroscopy is, then, limited to samples which are colored no more 
deeply than a pale yellow. The second aspect of the sample problem, 
fluorescence, also appears often when the Hg4358 A line is used. 
Most samples, as prepared, contain small amounts of fluorescent im¬ 
purities whose fluorescence completely swamps the Raman lines. It 
as proved necessary to purify by painstaking sublimation, distilla- 
tion, or recrystallization in order to get rid of impurities. 

e third aspect of the sample problem is turbidity. A turbid 
sample, such as a crystal powder, reflects much of the exciting ra¬ 
diation back out of the sample. Furthermore, the powder reflects 
the exciting wavelength so strongly into the spectrograph that, the 
plate is completely blackened. For these reasons, most reported 
Raman spectra have been obtained on purified colorless liquids. 

In spite of the somber picture just painted, substantial progress 
has been made in the last five years in overcoming the sample prob¬ 
lem. In particular, several effective crystal powder sources have been 
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DISC, DISC, CYLINDER, 

FRONT SACK CONICAL CONICAL 

ILLUMINATION ILLUMINATION CONE SURFACE WINDOW 



TO CONDENSING LENS AND SPECTROGRAPH 


Fig. 1. Methods of illuminating samples for Raman spectroscopy. 

designed and a number of useful sources in the yellow and red region 
of the spectrum have been described. The problem of fluorescence 
is still troublesome, but there are indications that this too can be 
ameliorated by using long-wavelength exciting lines. 

There are certain features common to the problems of color and 
turbidity, so we may conveniently start with a discussion of the lat¬ 
ter. A turbid sample decreases Raman intensity in two ways.* First, 
material in inner layers of the sample is shielded from the exciting 
light by outer layers of the sample. Second, Raman radiation orig¬ 
inating in parts of the sample distant from the spectrograph is shield¬ 
ed by parts of the sample near the spectrograph. This situation is 
made clearer by a consideration of Fig. 1, which shows a number of 
possible ways of illuminating a Raman sample. Since only those por¬ 
tions of the sample lying in the spectrographic cone of aperture are 
effective in delivering radiation to the spectrograph, it is necessary 
to design Raman sample holders with no sample lying between the 
source and the aperture cone. The fifth tube shown is, therefore, poor¬ 
ly designed. This remark is equally valid for colored liquids, so these 

"The discussion of the sample problem in this paper is based on spectrographs 
with conventional optics. Somewhat different considerations hold for unconventional 
systems like the Cary Raman Spectropholometer. 
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should not be examined in a cylindrical Raman tube. Colorless liquids 
transmit the exciting light; thus, use of a cylindrical tube does no 
harm other than increasing the sample size. 

There is little that can be done about the intrinsic scatter of a 
crystalline powder. It is sometimes possible to fuse a powder to a 
polycrystalline solid or to moisten it with a liquid matching its re¬ 
fractive index. These steps add substantially to the ease of obtaining 
spectra. Aqueous salt solutions or CC1 4 -CS 2 solutions are advan¬ 
tageous moistening liquids. It is possible to calculate the flux de¬ 
livered to the spectrograph by sample holders of various shapes; 
this is shown in Fig. 2. A Raman tube matching the cone of aperture 
delivers about twice the flux of the front- or back-illuminated disk. 
There are several interesting results of these equations. The first is 
that for the back-illuminated disk there is an optimum thickness 
given by a — 1/e cm. The second is that since transmitted exciting 



Fig. 2. Flux reaching spectrograph from various Raman sample 
shapes [ l ] B — sample brightness, < = sample specific extinction 
coefficient, a « spectrograph aperture, a « sample depth. 
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light goes down as exp(-a«), the ratio of scattered flux to trans¬ 
mitted exciting light is proportional to the thickness a. We thus have 
the interesting result that by making our sample sufficiently thick, 
we may get rid of excessive exciting light. We pay for this, of course, 
with long exposure times. The gist of the foregoing remarks is that 
in working with any Raman sample whatsoever, the most efficient 
tube shape is a Raman tube matched to the spectrographic cone of 
aperture. 

Once we have our Raman radiation from a turbid sample, ex¬ 
cessive exciting light must be removed. The best current method of 
doing this is shown in Fig. 3. The collimated light from the Raman- 
tube window is reflected from multilayer interference filters which 
transmit Hg4358 A and reflect other wavelengths. While the band- 
stop filter uses two reflectors, experience has shown that introduction 
of a third would greatly increase efficiency. Use of a bandstop system 
effectively eliminates the problem of excessive reflection in a turbid 
sample. 



Fig. 3. Bandstop filter unit. 
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Fig. 5. Raman spectra of Marlex 50 (top) and DYNH (bottom) polyethylenes, 
i 3-hr exposure. 


■ i ii i 
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Fig. 6. Raman spectrum of crystalline thiourea, 3-hr exposure. 
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Fig. 7. Raman spectrum of crystalline Cr(CO)«, 4-hr exposure with bandstop unit 
augmented by Wratten #3387 filter. (Some weak lines at 1000 to 1400 cm" 1 not 
visible in this figure.) 

The problem of dealing with colored samples is also in reasonably 
good shape [ 3 l Here progress has been made by going to exciting 
lines other than Hg4358 li. Some exciting lines which have been used 
and others which have been proposed are listed below. 


Available 

Proposed 

Hg 5461 A 

Rb 

7800 A 

5770 A 


7948 A 

5790 A 

Cs 

8521A 

He 5876 A 


8944 A 

6678 A 

Li 

6104 A 

7065 A 

7281 A 

Cd 6439 A 

Na 5890 A 

5896 A 

K 7665 A 

7700 A 


6708 A 
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In going to long-wavelength exciting lines, a number of new 
problems are introduced. In the first place, the intensity of Raman 
scattering depends on the inverse fourth power of the exciting wave¬ 
length. For equal source brightness, for example, scattering from 
He 5877 A will be only 0.3 as intense as that from Hg4358 A. To com¬ 
pound this difficulty, photographic plates for the red region are perhaps 
0*1 as sensitive as those for the blue region. At first blush, then, it 
would seem that exposure times might run 30 times as long in the red 
as in the blue region of the spectrum. Fortunately, there are factors 
which more than compensate for this. The foremost of these is the res¬ 
onance Raman effect: as an exciting line moves into an absorption 
line of the sample from the long-wavelength side, the intensity of Ra¬ 
man scattering increases by a very large factor. In other words, it is 
disadvantageous to get rid of our color problem entirely. There is 
clearly some optimum wavelength to use. Our choice of exciting wave¬ 
lengths is somewhat limited, but at a given wavelength there is an op¬ 
timum solution concentration to give a maximum yield of Raman 
radiation. For strong absorbers, a solution may actually yield a 
stronger Raman spectrum than the pure liquid. That such an opti¬ 
mum concentration exists is difficult to show for a conical sample 
tube, but is shown with relative ease for the back-illuminated disc. 
From Fig. 2 we note that c is proportional to the concentration 
and that the brightness of the sample, B, is also proportional to 
the concentration. The flux of Raman radiation is readily shown to 
be maximized when the concentration equals l/(«a). The problem 
o optimizing both exciting wavelength and concentration is compli¬ 
cated and is generally tackled by hit-or-miss methods. 

It is not amiss to say something about sources and spectrographs 
for colored exciting lines. Samples which can be excited with the 
Hg 5461A line can be studied with a conventional spectrograph fitted 
with an NdCls - Wratten-filter combination. The dispersion of prism 
spectrographs becomes increasingly poor in the yellow and red region. 
Raman work in this region is best done with a suitably blazed grating 
spectrograph. Although sodium, potassium, and cadmium lamps 
L J have been used as sources, the most popular at present is the 
helium lamp L ’ J. This lamp has four useful lines at 5876, 6678, 7065, 
and 7281 A. The lamps are easily powered by a microwave generator 
or a high-voltage transformer. The big disadvantages of helium lamps 
« f he ^ lfficult y of freeing the helium gas from traces of neon and 
the inefficient conversion of electrical to visible radiant energy. From 



Sample Problem in Raman Spectroscopy 


213 


this latter point of view, alkali metals are particularly advantageous; 
about 90% of the radiant output is in the resonance lines, and the 
ionization energies are low. Lithium looks particularly promising as 
a Raman source material, if a lamp can be developed. The new lasers 
being developed may also prove useful as Raman sources [ 8 ]. 

Some experiments conducted at the Cyanamid Laboratories in¬ 
dicate that fluorescence is radically reduced when the He 5876 A line 
is used as an exciting line, so that the solution to this problem 
may also lie in the direction of longer-wavelength excitation. (A 
Wratten #22 filter nicely removes wavelengths below 5500 A.) 

Figure 8 shows a spectrum of aqueous chloroplatinic acid taken 
with the yellow mercury lines. While the exposure is long (12 hr), the 
plate is of excellent quality. 

I. • I II I '■*!" 


I .. *!ll .III 


I I f. ! I I 

Fig. 8. The Raman spectrum of a HaPtCl« aqueous solution. Hg 5770-5790 A 
excitation, 10-hr exposure (top), polarized light, E || axis (middle), E _L axis 
(bottom) (courtesy of Dr. R. F. Stamm). 

The question naturally arises as to the possibility of obtaining 
spectra of turbid colored samples. This has, in fact, been done by 
Stammreich and Salat 9 ], who obtained spectra of turbid rMofCNJsl 4 " 
solutions by using He 5876 A and He 6678 A as exciting lines and by 
using neodymium nitrate for the former and erbium perchlorate for 
the latter as bandstop filters. There seems to be no reason why band- 
stop interference filter units could not be constructed for long-wave- 
length lines. 

In summing up, it seems clear that it is now feasible to con¬ 
struct Raman sources which get around most of the sample problem 
if photographic recording is used. There seems to be no reason why 
samples of 0.5 to 1.0 g of material could not be examined routinely 
in industrial or academic laboratories. Unfortunately, there still ex¬ 
ists no photodetector for the green, yellow, or red comparable in sen- 
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sitivity to the IP21 photomultiplier for the blue. When such a photo¬ 
detector is developed, we may expect to see, if not Raman Infracords, 
then Raman Model 21s or IR-4s become commonplace. 
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Advances in Ionization Detectors— 
The Electron-Affinity Detector 

S. J. Clark 

Jarrell-Ash Company 
Newtonville, Massachusetts 


This papsr rsvisws some of tho rocont work on tho oloctron-offinity 
gas-chromatographic ionization detector. This apparatus, together with 
certain special applications, will be described briefly. 


The measurement of the concentration of gas eluted from a chro¬ 
matographic column may be achieved by one of several ionization 
reactions. Of these, one of the more important is ionization in the 
presence of argon carrier gas, this reaction providing the basis for 
the argon-ionization detector of Lovelock L 1 3 l Subsequent work by 
the same author [ 4 ' 6 1 has made it apparent that, by suitable changes 
in geometry and operating conditions, a series of detectors can be 
produced, each having well-defined characteristics and each lending 
itself to particular analytical applications. This paper is a prelimi¬ 
nary report on some characteristics of one of these detectors, a com¬ 
mercial version of the electron-affinity detector [ ]. 

Practical ionization detectors are usually operated at atmospher¬ 
ic pressure where the main process responsible for loss of ions is the 
recombination of negative and positive ions to form neutral mole¬ 
cules. With most detectors, ion recombination phenomena are un¬ 
desirable since they set a limit to or interfere with the faithful re¬ 
sponse of the detector. The electron-affinity detector, however, is 
designed to exploit ion recombination for the detection of components 
having an affinity for free electrons. 

PRINCIPLES OF OPERATION 

Stable negative ions may be formed by the capture of free elec¬ 
trons by neutral molecules according to the following reactions 
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xy + e~ <-> xy~ + energy 
xy + e~<r-+ x+y-dz energy 

If the ionization chamber contains only the source of ionizing 
radiation and a carrier gas having no affinity for electrons, the 
charge carriers in the ionized gas will be positive molecular ions and 
electrons. The extremely high mobility of free electrons makes ion 
recombination a very unlikely process and, thus, the application of 
a small potential to the chamber suffices to collect all the charge 
carriers formed in the ionization reaction. 

If, now, a gas having an affinity for free electrons is mixed with 
the carrier gas and introduced into the chamber, formation of nega¬ 
tive molecular ions will occur through electron capture. The mobil¬ 
ities of negative molecular ions are very much less than those of elec¬ 
trons and, consequently, the probability of ion recombination is very 
much enhanced in the presence of these ions. Thus, the introduction 
of an electron-capturing substance into the ionization chamber will 
result in a decrease in the ion concentration in the gas and a de¬ 
crease in the current flowing in the chamber. 

As the potential across the chamber is increased, the residence 
time of the ions in the chamber decreases; thus, the probability for 
both electron capture and ion recombination decreases. At sufficient¬ 
ly high potentials, both electron capture and ion recombination vir¬ 
tually cease to occur and the saturation current again flows in the 
chamber. 

In a detector having plane-parallel geometry, the fractional ion 
loss is given by the expression [ 9 ] 

f^xNcf/X+X-V 2 

where/ is the fractional ion loss, x is the recombination coefficient 
(related to the electron affinity of the molecule), N is the rate of ion 
production (related to concentration of gas), d is the distance between 
the electrodes, X + , X are the mobilities of positive and negative ions, 
respectively, and V is the applied potential. 

From the above equation it can be seen that the applied poten¬ 
tial required to collect a given proportion of the ions formed is de¬ 
pendent on the recombination coefficient and, thus, upon the electron 
affinity or absorptivity of the molecule. Thus, it becomes possible 
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to distinguish between molecules having different electron affinities 
or, alternatively, to detect traces of strongly capturing compounds 
in'the presence of large amounts of material having a low affinity 
for electrons. 

It should be realized that the above explanation is considerably 
simplified and that the processes occurring are considerably more 
complex than has been indicated. However, under the relatively con¬ 
stant conditions obtaining in gas chromatography, reliable results 
can be achieved using relatively simple apparatus. 


amplifier polarizing voltage 



CARRIER IN 

Fig. 1. Jarrell-Ash Electron Affinity Detector; (1) anode, 
(2) wire screen, (3) radioactive source, (4) cathode. 
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apparatus and methods 


A Jarrell-Ash Electron-Affinity Detector (Catalog No. 26-755) 

JT T? m ro “?r thi * worl - The detector desi * n foll »* s ‘h** » f 

Lovelock L J and its construction is illustrated in Fig. 1. Carrier eas 
I""^ ° hamberthrou ^ h thean °de (1), the wire screen (2) 

and nZ.nt e t en KT Ce g t0 diffu8e the « as into the Camber 
the Srtwhf Jw ea ?: T he gaS Stream leaves the cha mt>er through 
j j’ which is attached the radioactive source (3), a 

C °. a , ted With titanium tritide. The activity of the 
such as to provide a dc saturation current of 3 to 6 • 10 ~ 9 amp. 
The polarizing voltage is supplied by a stabilized dc supply having 

26 77orTh OI !l t U ? 8 y . Vari ? ble over the ran 8 e 0-85 v (Catalog No. 

fier fcLw IT,,? 81 : amplified b y an electrometer ampli- 

Sorn^r * g - L 6 ' 770) and reC ° rded ^ a standard 10 mv poten- 
tiometnc strip chart recorder. 

Fi „ o diagra ^ of ^ chromatographic apparatus is shown in 
fhould L n S performa f A e - the 8 as flow rate through the detector 

f ad de d to 1 ra T ° f 100_200 ml/min ’ If necessa ry, diluent gas 
between „ n , hl6Ve rates m this range through the “T” located 
between column and detector. The detector temperature is main- 

No n 26-750) tantat 22 °° C by 8 therm08tatted heating block (Catalog 

1 A-in^H^s/ 118 ’ rep< \ rted below were obtained using standard 4-ft, 

sisted of 80 ri 88 ^ columns - Co,umn packin 8 8 con¬ 

sisted of 80-100 mesh Chromosorb W coated with 5% by weight of 



CARRIER OUT 



PREHEATER CARRIER IN 


Fig. 2. Flow diagram of Chromatograph: 


ic apparatus. 



The Electron-Affinity Detector 


219 


the appropriate stationary phase, or of 140- to 200-mesh glass beads 
coated with approximately 0.2% of stationary phase. 

QUALITATIVE APPLICATIONS 

It is evident from the relationship between ion loss and applied 
potential given above that the response to a particular compound 
will vary with applied potential. At the lowest potentials, ion loss 
through electron capture gives rise to a negative signal, the mag¬ 
nitude of the signal being dependent upon the electron absorptivity 
of the compound. As the potential is increased, the signal decreases 
until no change in current is observed. At still higher potentials, 
the detector begins to function as a normal, though inefficient, ioni¬ 
zation detector and a positive signal is obtained. The range of volt¬ 
age over which this transition occurs will depend upon the electron 
absorptivity of the molecule, which is itself a function of molecular 
type. In principle, then, a series of chromatograms recorded at dif¬ 
ferent applied potentials serves to distinguish between molecular 
types. This information, together with a knowledge of retention 
times, is often sufficient to identify the components of a mixture. A 
chromatogram illustrative of this use of the detector is shown in 
Fig. 3. 



Fig. 3. Chromatogram. 


10 VOLTS 
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This mode of operation has several disadvantages however. First, 
it is necessary to run several chromatograms to obtain sufficient in¬ 
formation for the analysis. Second, the mean energy of electrons in a 
gas depends upon the nature of the gas. Thus, the electron energy 
will change when sample gas enters the detector and, moreover, the 
extent of the change will be dependent upon the concentration of the 
sample in the carrier gas. Hence, the response of a given compound 
at a particular voltage will be concentration-dependent. This depend¬ 
ence may cause uncertainty in the interpretation of the chromato¬ 
gram. 

More consistent results are obtained if the detector is operated 
at a fixed potential, just sufficient to produce saturation in the de¬ 
tector with pure carrier gas flowing. Under these conditions, the 
detector will operate near maximum sensitivity for strongly capturing 
compounds, although compounds having low electron absorptivities 
may well produce positive signals, particularly when argon is used 
as the carrier gas. This mode of operation does not allow identifica¬ 
tion of compound type from electron absorption characteristics unless 
the concentration of the individual components of a mixture is 
known. This information can be obtained by connecting a quantita¬ 
tive detector in parallel with the electron-affinity detector. The ef¬ 
fluent from the chromatographic column is divided between the two 
detectors and simultaneous chromatograms are recorded. The differ¬ 
ing response of the two detectors is then used to provide a measure 
of the electron absorptivities of the components of the mixture. Fig¬ 
ure 4 illustrates the analysis of a solvent mixture using the electron- 
affinity detector in parallel with an argon diode. The argon diode 
tends to respond anomalously to very strongly capturing compounds; 
a better detector for the purpose would be the photoionization de¬ 
tector of Lovelock [ 10 ] in which ion recombination does not occur or, 
possibly, the argon diode operated at reduced pressure. 

Work is in progress to determine electron absorptivities of a wide 
range of compounds; this information will facilitate identification 
with the system just described. In general, hydrocarbons, alcohols, 
esters, ethers, and amines have low absorptivities, whereas ketones, 
halogenated compounds, quinones, acid anhydrides, and nitro com¬ 
pounds absorb strongly. 
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Fig. 4. Analysis of a solvent mixture: (1) hydrocarbon, 
(2) ethyl acetate, (3) isobutanol, (4) hydrocarbon, (5) methyl 
ethyl ketone, (6) hydrocarbon, (7) methyl isobutyl ketone, 
(8) butyl cellosolve. Column: diethylene glycol succinate; 
80°C; argon, 100 ml/min. 
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Fig.6.Chromatogram of mixture of polycyclic hydrocarbons. Column: silicone 
grease on glass beads; 200°C; nitrogen, 130 ml/rhin. Components, approximately 
10" 9 geach. 
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QUANTITATIVE APPLICATIONS 

Little information is yet available concerning the quantitative 
use of the detector, but studies so far indicate that for certain im¬ 
portant groups of compounds it will prove to be an extremely valu¬ 
able tool of unequalled sensitivity. Since the detector is sensitive, 
it becomes possible to determine traces of strongly capturing com- 
pounds m the presence of large amounts of weakly absorbing com¬ 
pounds. Figures 5 and 6 show chromatograms of mixtures of chlori¬ 
nated pesticides and of polycyclic hydrocarbons. The extreme 
sensitivity of the analyses illustrates the potential value of the tech- 
mque for the determination of traces of toxic materials in the analysis 
of foodstuffs or of air pollutants. The present limit of detection for 
the chlorinated pesticides and the polycyclic hydrocarbons is approx¬ 
imately 10 and 10 g, respectively, with some variation depend¬ 
ing upon the individual compound. It seems likely that these figures 
can be improved by one or two orders of magnitude by appropriate 
changes in the experimental conditions. 

The response of the detector operated under dc conditions is 
linear over 10-20% of its working range. Figure 7 shows a calibra¬ 
tion curve for the chlorinated pesticide, methoxychlor. 

Lovelock [ 8 ] has recently introduced a modification of the sys¬ 
tem in which the charge carriers are collected by applying pulses of 
about Usee in width at intervals of 20-50 nsec. Under these condi¬ 
tions, the response of the detector follows a Beer’s Law type of rela¬ 
tionship 


I = I 0 ,e~ aci 

where I 0 is the detector saturation current, a is the electron absorp¬ 
tivity of the compound, c is the concentration, and k is a constant de- 
pendmg upon detector geometry and operating conditions. 

This relationship emphasizes the fact that electron absorption 
may be regarded as an analog of photon absorption and that the tech¬ 
nique is, m fact, a form of spectroscopy. The electron-capture reac¬ 
tion is a resonance process, for there are no product electrons to 
carry away excess energy. This is true even when capture brings 
about dissociation since the range of atom and ion kinetic energies 
is limte. Thus, if monoenergetic electrons can be produced in a 
suitable ionization chamber, the possibility exists for resolution of 
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Fig. 7. Calibration curve for mcthoxychlor. 

electron absorption spectra comparable with that achieved for other 
forms of spectroscopy. 

REFERENCES 

1. J. E. Ijovelock, J. Chromatog. 1, 25, 1958. 

2. J. E. Lovelock, A. T. James, and E. A. Piper, Ann . N. Y. Acad . Sci. 72, 720, 1959. 

3. J. E. Lovelock, Nature 181, 1460, 1958. 

4. J. E. Lovelock, Gas Chromatography, R. P. W. Scott, cd., Butterworths, London, 
1960, p. 16. 

5. J. E. Lovelock, Analytical Chemistry 33, 162, 1961. 

6. J. E. Lovelock and S. R. Lipsky, J. Am. Chem. Soc. 82, 431, I960. 

7. J. E. Lovelock, Nature, 189, 729, 1961. 

8. J. E. Lovelock and N. L. Gregory, Third International Symposium on Gas 
Chromatography, E. Lansing, Michigan, June 1961. 

9. J. Sharpe, Nuclear Radiation Detectors, Mothuens, London, 1955, p. 130. 

10. J. E. Lovelock, Nature, 188, 401, 1960. 




Techniques Utilized in Studying 
the Structures of Inorganic 
and Coordination Compounds 

Herman A. Szymanski 

Canisius College 
Buffalo, New York 


Tha determination of the infrared spectra of inorganic and addition 
compounds sometimes requires special techniques. In addition, the com¬ 
bination of several spectrophotometric methods is sometimes required in 
order to completely determine structures. 

We shall report some of the techniques used in our work as well as 
the results obtained. Included will be a discussion of rapid sublimation 
techniques, a comparison of results obtained with the several standard 
techniques, and a description of the materials used, such as DjQ, to reduce 
scattered light. 

A discussion of peak shifts which occur in some inorganic compounds 
when their environment is changed will also be made. 

A brief discussion on the correlation of infrared data with nuclear 
magnetic resonance spectroscopy will also be made. 


I should like to report a number of techniques my students and 
I have utilized in using spectroscopy to determine the structures of 
inorganic and coordination compounds. 

RAPID SUBLIMATION TECHNIQUES 
FOR REDUCING PARTICLE SIZE OF SAMPLES 

It, is necessary to have the particle size of a sample below the 
wavelength of light used to measure its absorption spectra. For in¬ 
frared spectra, this particle size must, therefore, be below 3 n; other¬ 
wise a good deal of scattered light can occur, resulting in poor spectra. 
Generally, inorganic materials are hard and cannot be easily reduced 
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to a size for which the effect of scattered light is small. We recent¬ 
ly reported a technique in which the material is sublimed very quick¬ 
ly from a platinum dish onto the cold salt plate t 1 ]. This was accom- 
plished by using an induction furnace which caused sublimation to 
take place in a few seconds. A very fine powder was deposited onto 
the salt plate and gave spectra which showed very little scattered 
lght. This technique can be extended to coordination compounds 
containing organic linkages and even to some organic compounds. 
Using an evacuated infrared gas cell, so no combustion could take 
place, we have sublimed complexes such as those formed from ter¬ 
tiary amines with arsenic and antimony halides onto the end windows 
of the cell. No destruction of the organic part of the complex takes 
place during the sublimation. For one complex, dimethylaniline- 
antimony trichloride, we were able to show that this technique was 
better than conventional sublimation techniques. In these conven¬ 
tional techniques the infrared spectra revealed decomposition prod- 
ucts which did not appear in our spectra. 

Finally, while we have not attempted to study sublimation of 
organic compounds extensively, we did sublime several with good 
success. One of these, caprolactam, showed a very sharp infrared 
spectrum compared to that measured for it in mull oil. 


OTHER TECHNIQUES UTILIZED 
IN REDUCING SCATTERED LIGHT IN SAMPLES 

. T* 16 P ro ^ em of scattered light has occurred in much of our work 
with inorganic and coordination compounds. In some work we have 
done on zeolites (trade name of sieves), we were interested in physi¬ 
cally as well as chemically sorbed materials. While infrared spectra 
can easily distinguish between the two types, preparing the sample 
to obtain this information from its spectra is usually quite difficult. 
1 would like to report two techniques used in solving this problem. 

1 he large attraction zeolites have for water makes it difficult to 
remove the last traces of water from them. In addition, as the last 
traces of water are removed from a zeolite, the scattered light the 
sample shows increases a great deal, making it difficult to obtain 
a good infrared spectrum. One method we used to prevent zeolites 
Irom picking up water while their spectra were being measured, and 
to reduce the scattered light, was to quench the heated zeolite in 
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mull oils. The oil prevented further water from being sorbed and was 
also used as the dispersing agent in which the spectrum was run. 

Another technique utilized to reduce scattered light was replace¬ 
ment of physically sorbed water by deuterium oxide. Any chemically 
sorbed water would not be replaced by this oxide; thus we were able 
to show the presence of surface OH groups on the zeolite that could 
not be seen in the spectra of the dry powder, although they were 
present there. 

We should like to suggest the use of a special spatula covered 
with 400 mesh platinum to grind very hard particles. We have been 
successful in using it to obtain very fine particle size with zeolites 
which cannot be easily ground in a conventional mortar. 

TECHNIQUES UTILIZED IN STUDYING THE REACTION 
OF TERTIARY AMINES WITH ARSENIC TRICHLORIDE 

Conventional sampling techniques, such as mull oils and potas¬ 
sium bromide pellets, are difficult to use for very hygroscopic mate¬ 
rials. Having used them to study the reaction between tertiary 
amines and arsenic trichloride, we decided that other techniques were 
required to completely identify all the phases of this reaction. The 
work was then done in vacuum lines so that no contact with moisture 
was possible. A specially designed infrared cell was attached to the 
vacuum line and the samples transferred to this cell. A diagram of 
this cell is shown in Fig. 1. Since we wished to use a liquid medium, 
it was decided that the acceptor molecule, arsenic trichloride, could 
be used as the solvent. This gave us a second advantage since the 
same liquid could be used as the solvent for nuclear magnetic res¬ 
onance (nmr) studies. Thus, high-resolution nmr could be combined 
with infrared and the results compared. Sampes for nmr study were 
taken from the sample vacuum line at the same time as those for 
infrared analysis. Thus, we were measuring the same sample by nmr 
and infrared. We did obtain an interesting result in this comparison. 
The infrared data indicated that about 30% of amine hydrochloride 
was present in the solution but the nmr spectrum did not. Com¬ 
paring the nmr spectrum to that of amine hydrochloride showed no 
lines of similar character. The only reasonable explanation for this 
is that the hydrochloride is present but is in rapid exchange with 
another species in solution. In this case, then, the hydrochloride 
lines would not be present in the nmr spectra but lines representing 
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Fig. 1. Infrared identification apparatus. A\, As, polyethylene tubing closed at 
one end; As, spare line to dry Ns source or vacuum pump; fc, ampoule of arsenic 
trichloride; C, representative of an ampoule of trimethylamine; D, glass tree com¬ 
plete with teflon stopcocks (3), 10/30 male ground-glass joint with glass tips; 2?, re¬ 
action flask (8 to 10 ml capacity) complete with stopcocks, a 10/30 female ground- 
glass joint to be fitted to its counterpart on D; F, cold box surrounding reaction 
flask; G, glass tube about 1 ft long, complete with 10/30 female ground-glass joint 
at its upper end to fit its counterpart on E and a stopcock near its lower end; 
H \ glass spout connected to G; /, glass cell about \ l / 2 inches in diameter; 
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an average of the hydrochloride and the species in equilibrium with 
it would be seen. This phenomenon does occur quite frequently. 

Our infrared spectral data still do not give us all the necessary 
information concerning the reaction of amines with arsenic trichlo¬ 
ride. We were able, however, to establish that at least three products 
were formed in this reaction. 

This was shown by varying the method of preparation and not¬ 
ing the relative changes in peak intensity which occurred. By this 
technique, it was possible to show that one component gave bands 
at 1090 and 1000 cm -1 while a second had bands at 1040 and 990 
cm -1 . The third component gave bands at 1050 and 975 cm \ They 
all appear to be somewhat similar in structure since their infrared 
bands are quite similar. It was possible to obtain two of the three in 
pure form. Their complete infrared spectra showed that bands in 
other positions were quite similar and only those bands listed above 
could be used to distinguish each component. 
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A, small sodium chloride sandwich cell, either 0.1 mm or 0.5 mm thick; L, small 
plastic platform; Mu Mu sodium chloride salt plates fitted to the ends of the glass 
cell; NiNu steel holder plates (holder for the N* Na sodium chloride salt 
plates); P u P it Ps, Pa , bolts; 0, stainless steel box reservoir fitted around the 
glass cell; Ri, fla, silicone rubber gasketing; S, glass tube fitted with stop¬ 
cocks—connection to either dry nitrogen source or vacuum pump; T, glass connec¬ 
tion between glass tubes. 




The Visible and Near-Infrared Absorption 
Spectra of Some Trivalent Actinide 
and Lanthanide Elements in DCIO4 
and in Molten Nitrate Salts* 

W. T. Carnall and P. R. Fields 

Argonne National Laboratory 
Argonne, Illinois 


Molten salts constitute an important doss of solvents for the study of 
the chemistry of the actinide and lanthanide elements, particularly the 
intensely radioactive transuranium elements where the stability of certain 
of these systems to radiation decomposition is important. One tool useful 
in this type of study is the observation of absorption spectra. In the present 
investigation we report observations of absorption spectra of trivalent 
actinide and lanthanide ions in UNO 3 -KNO 3 eutectic at 150°C in the region 
between 0.36 and 2.5 g. Transitions to low-lying excited states have been 
observed in crystals of both actinide and lanthanide elements in the near- 
infrared region (1.3-2.5/x) and thus would be predicted to be observable 
in solution. However, the existence of intense solvent absorption bands in 
aqueous solution above 1.3 n constitutes a severe limitation on the use of 
that medium. In the nitrate eutectic there are essentially no Interfering 
solvent absorption bands between 1.3 and 2.5 n. It is also possible to ob¬ 
serve portions of this region in deuterated solvents, and thus we are able 
to compare over an extended range the effects of different ligand fields on 
4f and Sf electrons. The bands observed in the near-infrared region should 
prove to be of analytical importance since the extinction coefficients appear 
to be comparable to many of the more intense bands in the visible region. 


The absorption spectra of the trivalent lanthanide elements 
have been of interest to both chemists and spectroscopes for many 
years. Chemists have manifested particular interest in the effects of 
different solvent media on the relatively sharp absorption bands seen 

•Based on work performed under the auspices of the H.S. Atomic hnergy Commission. 
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in the 0.2 to 1.35 ^ region. Such studies are designed to charac¬ 
terize the relative complexing ability of various anionic species. The 
analytical importance of these absorption bands has also received 
considerable emphasis. Spectroscopists have, on the other hand, re¬ 
quired well-characterized crystal lattices as matrices for the lan¬ 
thanides, which when studied at low temperatures make possible the 
location and assignment of the many lines arising from the intra-4/ 
electron transitions. The complexity of the systems involved is at¬ 
tested by the continuing appearance in the literature of refinements 
and extensitons of earlier results. The production of synthetic trans¬ 
uranium elements has made possible similar studies on 5/ electron 
systems. 

Molten salts provide an ionic, quasi-lattice matrix within which 
the concentration of solute species can be varied over a wide range. 
As media for the observation of the absorption spectra of the tri- 
valent lantahanide and actinide elements, they are closely related 
to the solid state. Many molten salt systems are stable to radiation 
decomposition; in addition, chemical reactions can be conducted in 
them in such a manner that adaptations of commonly used separa¬ 
tion procedures are possible. These properties make molten salts 
particularly attractive media for the study of the highly radioac¬ 
tive actinide elements. 


EXPERIMENTAL 

The spectral measurements were made using a Cary Recording 
Spectrophotometer Model 14. The aqueous solutions were run at 
room temperature, 23 ± 2°C. For the molten salt samples, a furnace 
essentially identical to that designed by Young and White was 
used [']. The temperature could be maintained at 150 ± 3°C simply 
by balancing the energy input against the heat loss; this obviated 
the necessity for a control unit. 

The molten salt matrix used was a eutectic mixture of LiN0 3 
and KNOs. The eutectic contained ca. 43 mol% LiN0 3 , giving a 
melting point of ca. 132°C. Reagent grade chemicals were used with¬ 
out further purification. Proper proportions of dried salt were fused 
at ca. 220°C and treated by bubbling dry N 2 through the melt for 
several hours to drive off residual H 2 0. The system was next evacu¬ 
ated for 30 min, followed by filtration of the molten salt through a 
fine porosity pyrex filter; then the salt was molded into long sticks 
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of 0.8 cm diameter. The latter, when broken into short lengths, were 
convenient for weighing. The supply was kept in a dry box. The tech¬ 
nique of preparing DC10< has been described previously [*]. 

The lanthanide elements used were obtained commercially in the 
form of oxides, and contained less than 1% impurities as supplied. 
Samples of the dried oxides were weighed out and dissolved in the 
appropriate acid, DCIO4 or HN0 3 . The actinide elements were taken 
from stocks at Argonne National Laboratory. Their purification and 
method of assay have been described previously [*]. Total impurities 
in each actinide sample were less than 1 %, and consisted of noninter¬ 
fering elements such as A1 and Na. 

The samples for the nitrate melt were dissolved in HN0 3 and 
evaporated to dryness in the spectrophotometer cell before adding 
the desired weight of LiN0 3 -KN0 3 eutectic. Cells for this purpose 
were made of precision-bore square Pyrex tubing. Each cell, ca. 3 ml 
in volume with a 1-cm path length, was sealed onto a length of 12-mm 
Pyrex tubing with a ground-glass joint at the other end. The over¬ 
all length of the unit was ca. 30 cm. The long stem facilitated han¬ 
dling of the cells. 

The wavelength limits within which Pyrex glass transmits essen¬ 
tially 100% of the incident light are very nearly the same limits 
as imposed by the nitrate eutectic. A blank run of the Pyrex cells 
with CCU as the solvent revealed appreciable absorption below 0.3 n, 
but only slightly increasing absorption at 2.6 n, which is the long- 
wavelength limit of the instrument used. Florence and coworkers L J 
indicate that the infrared cutoff of Pyrex glass, depending upon its 
pretreatment, is in the vicinity of 2.6 #i- 

Standard 1-cm-path-length silica cells equipped with a glass 
stopper were used for the deuterated solutions. Cells containing 
radioactive solutions were placed in a closed secondary container 
which took the place of the usual cell holder [ l 

Extinction coefficients, e = OD/CxL, where OD is observed opti¬ 
cal density, C is concentration of the absorbing species in moles per 
liter, and L is the path length of the cell in centimeters, were cal¬ 
culated for the molten LiN0 3 -KN0 3 using 1.948 g/ml as the den¬ 
sity at 150°C, and assuming a similar density for the lanthanide or 
actinide nitrate dissolved. Since the solutions were dilute, the error 
involved in this assumption is probably less than 3-4%. In each case, 
a blank was run against air using a matched cell containing the same 
solvent as the sample cell. This was followed by running the sample 
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ceU cs air in the same spectral region. For the aqueous samples 
of sample vs pure solvent in a matched cell were also made. 


, runs 


DISCUSSION 

S n^Tf ly f 1 oftheinv estigations of the solution absorption 
S, ^ t J anthanide and actinide elements have been 
nZ5nf * e , re ® 10 “ b . etween 0 2 and 1-35 n. As seen in Fig. 1, the 
nfrared limit is imposed by the existence of strong H 2 0 ab- 

deSrated an< l 8 ' 1 ^ a . limit k “gnificantly extended by recourse to 
nea^2 0 d p 1 ™"* 8 ’ but a * am stron g solvent absorption bands exist 
near 2.0 Except for a partial “window” from 2.12 to 2.37 a, ob- 

m 8 1 ~ cm ^ athAe ^ h c «ll in D 2 0 beyond ca. 1.8 n must 
be made over an appreciable background absorption. In contrast 
the molten L 1 NO 3 -KNO 3 eutectic at 150°C exhibits essentially no 

nearTiTTh«fl 6 °’ 36 ' 2,5 f ran « e ’ exce P l for the rather broad band 
“Z A a Th ? ° Wer wa velength limit is imposed by a NO,” absoro- 
tion band with center near 0.290 M Cl At wavelengths longer thTn 
2.6 n, the overtones of the various vibration frequencies of N0 3 ~ ex- 
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hibit more intense absorption [ 4,6 ‘ 7 ]. Below 2.7 ju all the NOf absorp¬ 
tion bands are due to overtones of hydrogenic stretching vibrations 
or a combination of hydrogenic stretching and other modes of vibra¬ 
tion in the molecule. Thus, in using 1-cm-path-length cells, the nitrate 
eutectic is a useful spectrophotometric solvent over the entire visible 
an d near-infrared range up to 2.6 ix. The relatively low melting point 
(132°C) can be attained with very simple furnace arrangements and, 
thus, most spectrophotometers should be easily adaptable to this type 
of solvent system. 

Taken together, results in DCIO4 and in the nitrate eutectic 
make possible a comparison of the spectra of the hydrated free metal 
ions with that obtained under anhydrous conditions with nitrate 
ions responsible for the ligand field experienced by the metal ion. 
The extension of measurements into the near-infrared region makes 
possible the comparison of intensities of the bands found with those 
in the visible region. While these bands have previously been ob¬ 
served in crystal studies, a direct comparison in intensity has not 
been made. For the purpose of this communication, the discussion 
of lanthanide spectra will be limited to those light lanthanides pos¬ 
sessing 4 f electrons when in the trivalent state in the nitrate melt. 
These elements are, then, the analogues of the actinide elements most 
readily available at the present time. 

LANTHANIDE SPECTRA 

Within the limitation mentioned above, the species studied were 
Pr 3+ , Nd 3+ , Sm 3+ , and Eu 3+ . Trivalent cerium possesses one 4/ elec¬ 
tron; however, in the nitrate melt, Cc 3+ is unstable. It is readily oxi¬ 
dized to Ce 4+ . Promethium, the only lanthanide not found in nature, 
was not available for the present study. However, as a result, of its 
relatively short half-life and, thus, its high specific activity, the mol¬ 
ten nitrate system would be an interesting matrix in which to view 
the absorption spectrum of this element. An investigation of this 
type will be carried out in the near future. 

A recent study of the solution absorption spectrum of Pm in 
DC1 failed to reveal the existence of any bands in the 0.85-1.8 m re¬ 
gion [ 8 L It was, however, shown, in agreement with earlier work [*], 
that many of the Pm 3+ absorption bands possess very low extinction 
coefficients. Thus, low intensity bands in the near-infrared might be 
difficult to distinguish from the background, particularly since the 
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high specific activity of the solute severely limits the concentrations 
at which it is reasonable to carry out investigations. Recent work 
on the luminescence spectrum of PmCla indicated lines in the visible 
region and at 0.742 and 0.830 n\ however, no longer-wavelength lines 
were reported [ 10 ]. 

Calculation of the multiplet levels of Pm 3+ based on pure ( LS) 
coupling, using a value for the Slater integral, F 2 = 334.8 cm' 1 , a 
spin-orbit coupling constant, £ 4 /= 1015 cm” 1 , and spin-orbit split¬ 
ting factors as tabulated by Elliott, Judd, and Runciman [ u ], pre¬ 
dicts near-infrared bands at approximately 0 . 9 , 1 . 0 , 1 . 1 , 1 . 5 , and 2.2 
A*. If these bands exist, it may be possible to locate them using rather 
high concentrations of Pm 3+ in the nitrate melt. 

Gadolinium has no visible or near-infrared absorption bands. 
The first excited multiplet level over the 8 S ground state is e P 7 / 2 , 
which lies in the ultraviolet near 0.3119 n [ 12 ]. 

The spectra of Pr 3+ , Nd 3+ , Sm 3+ , and Eu 3+ in molten 
LiNOs-KNOs eutectic at 150°C, as compared to the bands in dilute 
DCIO 4 at 25°C, are shown in Figs. 2, 3, 4, and 5. The intensities of 
the bands in DCIO 4 relative to those in the nitrate melt in the figures 
result from an arbitrary selection of concentrations and should not 
be directly interpreted in terms of extinction. The results in Table I 
are compared on the basis of extinction coefficients for some of the 
major peaks of the absorbing species in the two solvent systems. The 
general trend appears to be toward lower intensity bands in the 
molten nitrate, although in terms of oscillator strength this may not 
be the case since the half-width of the bands in the melt appears to 
be greater. There are, of course, clear cases of an increase in intensity 
of a given band in the melt as compared to that in DCIO4, ns, for 
example, the band at 0.465 n in Eu 3+ , and that at 0.582 in Nd 3+ . 
The different distribution of the population within the various Stark 
levels of the ground state occasioned by comparing spectra obtained 
at 150°C with that obtained at 25°C, and, thus, the different tran¬ 
sition probabilities obtaining would lead one to expect a shift in the 
intensity pattern between the two temperatures as well as in the 
center of gravity of the bands observed. 

The gross similarities in the spectra in the two different solvents 
are in accord with the results of Gruen and coworkers [ 1S ] for the 
transition elements Co 2+ , Ni 2+ , and Cu 2+ in the LiNOs-KNOs 
eutectic as compared to spectra exhibited in dilute acid. In the aque¬ 
ous solution, the ligand field experienced by the central cation is de- 
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WAVE LENGTH [fx) 

Fig. 2. Absorption spectrum of Pr 3+ in dilute DC10 4 at 25°C, and in molten 
LiNOa- KN0 3 eutectic at 150°C. 



WAVE LENGTH (M) 

Fig. 3. Absorption spectrum of Nd 3+ in dilute DGIO 4 at 25°G, and in molten 


LiNOa-KNOa eutectic at 150°C. 
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TABLEI 

Comparison of Extinction Coefficients in Dilute DCIO4 at 25°C, 
and in Molten LiNOa - KNO 3 Eutectic at 150°C 



Praseodymium 



Neodymium 



Samarium 

lutectic 

€ 

DCI04 

Nitrate eutectic 

DCIO 4 

Nitrate eutectic 

DCIO 4 

Nitrate i 

p 

< 


< 


6 

P 

6 


t 



1.925 

2.45 



2512 

0.54 



2.0 

0.15 









1.510 

0.79 

1557 

1.90 

1.550 

4.28 

1.538 

3.00 

0.794 

11.0 

0.798 

3.80 

1.248 

2.09 

1.246 

2.10 

1.452 

3.44 

1.445 

1.73 

0.732 

5.31 

0.735 

3.20 





0.469 

4.28 

0.468 

1.42 

0.575 

6.26 

0.582 

19.0 

0.402 

3.01 

0.404 

3.10 

0.444 

9.98 

0.445 

2.46 

0.522 

4.06 

0.525 

2.40 

0.375 

0.64 

0.376 

1.74 


Europium Americium _ Curium 


DCIO 4 Nitrate eutectic DCIO* Nitrate eutectic PCIO 4 Nitrate eutectic 



< 

P 

< 


t 


< 


« 

A 

« 



2.167 

1.21 



1.90 

14.2 







2.030 

1.40 

0.813 

66.3 

0.796 

36.8 





0.465 

0.05 

0.465 

0.94 

0.503 

370 

0.509 

no 

0.454 

3.8 

0.457 

3.1 

0.394 

2.55 

0.395 

0.76 

0.455 

1.5 

0.458 

17.5 

0.433 

6.3 

0.434 

4.4 

0.362 

0.71 

0.362 

1.11 

0.378 

18.2 

0.378 

12.3 

0.396 

53.5 

0.399 

20.9 


termined by the water dipoles which coordinate through the oxygen 
atoms. In the anhydrous nitrate system, the field is again determined 
by a polyatomic ion coordinating through oxygen atoms to the cen¬ 
tral cation. The net effect on the central ion might be predicted to 
be similar, especially since the ligand-field splitting is much smaller 
in the lanthanides than in the outer transition series. It should be 
noted that one cannot deduce from the absorption spectra alone 
whether or not complex formation exists in these particular lan¬ 
thanide-molten nitrate systems. Even in the case of strong complex 
formation, as established t>y independent measurements, the changes 
in lanthanide spectra as compared to those observed in dilute acid 

may not be large [ l4 l . 

The positions of the low energy levels of the trivalent lanthanides 
as obtained in various crystal studies have been summarized by 
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Dieke and Hall [ ls ]. For each level seen in the crystals there is an 
encompassing band in solution. The relative intensity of the band 
systems seen in solution in the near-infrared as compared to the 
ands m the visible region is of particular interest because of their 
obvious analytical significance. The fact that a solution band of at 
least moderate intensity was observed to encompass each of the levels 
reported m the crystal work suggests the importance of the molten 
systems establishing limited regions where crystal levels would be 

expected for those valence states difficult to achieve in a crystal 
matrix. J 


ACTINIDE SPECTRA 


Investigation of the low energy levels of the trivalent actinide 

isin’it^f 66 ? °! any c ° the ValenC6 8tates of this S rou P of elements, 
sin its first stages. Several of the actinide elements, Bk, Cf, and Es, 

bTtS rrfir 61 ! r f 8triCted in their availability. Of the actinides 
the first half of the 5 f series, the elements U through Cm ex¬ 
hibit a valence state of three in aqueous solution. However, in the 
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Fig. 7. Absorption spectrum of Am a+ in dilute DCIO4 at 25°C, and in molten 
UNO* KNOs eutectic at 150°e. 


nitrate melt, U 3+ , Np 3 + , and Pu 3+ , are unstable. Each is oxidized 
to a higher valence state [ 16 1 Studies in DCIO4 reveal the existence 
of bands in the near-infrared for each of these valence states, as 
shown in Fig. 6. Thus, these bands should also be observed in, for 
example, an appropriate molten chloride eutectic. 

The spectra of Am 3+ and Cm 3+ in the UNO3-KNO3 eutectic 
and in dilute DCIO 4 are shown in Figs. 7 and 8. The bands seen in 
Am 3+ in the near-infrared are broad and, for the most part, of rela¬ 
tively low intensity; however, previously unreported regions of ab¬ 
sorption are indicated. Clearly, the molten nitrate medium has the 
general effect of lowering the intensity and broadening the bands; 
in many respects this is an extrapolation of the behavior of Am 3+ 
with increasing HNO3 concentration [ 17 1. In this connection it is in¬ 
teresting to note that in 10.0 M HN0 3 , electromigration studies re¬ 
vealed that 24% of the Am' H migrated to the cathode while 76% 
migrated to the anode [ 17 L 

Calculations for Eu 3+ , similar to those made for Pm 3+ , using 
the tabulated results of Elliott, Judd, and Runciman [ u l, predict 
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WAVE LENGTH (/a) 

Fig. 8. Absorption spectrum of Cm’ + in dilute DC10< at 25°C, and 
in molten UNO* - KNOa eutectic at 150°C. 


that the F e level will lie near 2.08 n, in agreement with experimen- 
results. The next excited multiplet level lies at considerably higher 
energies. In contrast to the experimental results for Eu 3+ , which is 
the lanthanide analogue of Am 3+ , there is considerable structure ob¬ 
served in the near-infrared region for Am 3+ ; this is typical of the 
actinide spectra compared to their light lanthanide analogues. In 
both senes there is a migration of bands toward the ultraviolet in 
progressing from/ to/ 7 systems; however, the bands in the actinide 
spectra appear to be displaced toward the infrared relative to their 
lanthamde analogies. Thus, it is of interest to find somewhat iso¬ 
lated low-energy bands at essentially the same wavelength for the 

samr °t ? C , tW ° * nner trans '^ on series elements with the 

same number of /-electrons. 

evnJt n d a t len J CUri u m T ith the ^ electronic structure would not be 

rimaar to GH^H “ neaHnfrar «d; in this it should be 
milar to Gd . However, the region was investigated for any evi¬ 
dence of possible wide splitting of the e P level. No bands were found 
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beyond those observed in aqueous solution. A study of the absorption 
spectrum of Cm 3+ in strong HNO3 solutions was severely limited by 
species arising from the radiolytic decomposition of the solvent [ 3 1 
From this standpoint, there was no problem in the molten nitrate 
melt. 

The theoretical treatment of the absorption spectra of the tri- 
valent lanthanide ions has been quite successful. In some cases the 
assumption of pure (LS) coupling has given good agreement between 
the multiplet structure calculated and that obtained experimentally, 
especially for the low-lying levels. A better approximation involves 
intermediate coupling calculations, and these have now been reported 
in the literature for several of the trivalent lanthanides. For the 
lines observed in the visible region, the comparison of theory and 
experiment becomes very complex because of the multiplicity and 
overlapping of levels. The theoretical treatment of lanthanide spec¬ 
tra proceeds by first expressing the electrostatic interaction in terms 
of parameters that can be evaluated to give the center of gravity of 
the various levels. The splitting of these levels by spin-orbit inter- 
action is small in comparison to the electrostatic or Coulomb split¬ 
ting. Finally, the ligand field gives rise to a Stark splitting of the 
various multiplet levels. This latter effect is small in comparison to 
the spin-orbit splitting. The 5/ electrons of the actinide elements 
are relatively less well shielded than the 4/ electrons of the lan¬ 
thanides; this would lead one to predict that the ligand-field effects 
would be relatively much larger. The treatment of this problem by 
Satten and coworkers [ l8 l, in the case of U 4+ (/), would place the 
first (or possibly the second) Stark level at 1000 -5000 cm" 1 above 
the ground level. In comparison, the first Stark level in Pr 3f (f) is 
experimentally placed at ca. 33 cm - ' 1 above ground [ l9 l. If Sattcn’s 
interpretation is correct, bands found in the visible and near-infrared 
for the actinide ions would correspond to entirely different types of 
transitions than those in corresponding lanthanide elements. Satten’s 
results could, however, also be explained in terms of the particular 
crystal lattice he used I 18 ]. As a result of experimental work on sev¬ 
eral different actinide dements including IJ 4 + , Conway found that 
the positions of the experimentally observed lines could be calcu¬ 
lated in a manner analogous to that for the lanthanide spectra [ 20,21 J. 
Thus, the bands observed in actinide spectra are to be identified with 
multiplet splitting, as in the lanthanide ease. Jorgensen earlier adapt¬ 
ed the same interpretation of actinide spectra [ 22 l. Conway has sug¬ 
gested that the reason for the similarities in interpretation of acti- 
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nide and lanthanide spectra lies in the fact that while the effects of 
t e ligand field and spin-orbit interaction are much larger for the 5 / 
electrons than for those in the 4/ shell, the ratio of spin-orbit split¬ 
ting to that of ligand-field splitting is of the same order of magnitude 
in both series of elements [ 21 1 The exception to this interpretation 

could come in the case of a particular crystal matrix that changes 
this ratio. 

T he investigation of the absorption spectra in molten LiNOs- 
KNOs eutectic and in DCIO* of the elements in the second half of 
the lanthanide series is in progress, with indications that the situa¬ 
tion is analogous to that in the first half of the series. Study of the 
second half of the 5/ series will be limited to Bk, Cf, and Es, since 
it appears unlikely that macro amounts of trans-Es elements can be 
accumulated because of their short half-lives. 


ACKNOWLEDGMENT 


The help of Mr. Robert McBeth in carrying out 
work is gratefully acknowledged. 


the experimental 


REFERENCES 


1. J. P. Young and J. C. White, Anal. Chem. 31, 1892, 1959 

s' J T S f ,a n D ' Co D h “’ a : d 1 l C - Hindman - J - Am - Chem. Soc. 79, 3672, 1957. 
. * j 'J' Carnall and P. R. Fields, J. Am. Chem. Soc. 81, 4445, 1959. 

B S,*Sr F - w - Gu ”' “ d c ' H - »“•« 

G. P. Smith and C. R. Boston, Ann. N. Y. Acad. Sci. 79, 930, 1960. 

J. Greenberg and L. J. Hallgren, Reo. Sci. lasts. 31, 444, 1960. 

J. Greenberg and L. J. Hallgren, J. Chem. Phys. 33, 900, 1960. 

.G Conway and J. B. Gruber, J. Inorg. Nucl. Chem. 14, 303, 1960. 

U. C. Steward, Argonne National Laboratory Report ANL-4812, 1952. 
t D™ nWay and J ‘ B * Gruber? J ' Chem • Ph y*- 32, 1586, 1960. 

509,1957° U ’ B ‘ R ’ JUd<1 ’ “ d W ‘ A ' Runoiman ’ Proc - R °y- (London) 240A, 

S. P. Cook and G. H. Dieke, J. Chem. Phys. 27, 1213, 1957 

L£Tr S ', Fri6d ' P ' K L - MoBeth - Proceedings of the Second Inter- 

ttSErsXS? Um ” —* “-O’ 

T. Moeller and J. C. Brantley, J. Am. Chem. Soc. 72, 5447, 1950. 

G * S’ 5 ieke and L * Chem - p hy*’ 27, 465, 1957 

?9,?41im R ‘ L * McBetll, J ‘ K00i ’ and W * T * Carna11 ’ Ann. N. y- Acad. Sci. 

G. N. Yakovlev and V. N. Kosyakov, Proceedings of the International Confer- 


4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 


14. 

15. 

16. 

17. 



Visible and Near-Infrared Spectra 247 

ence on the Peaceful Uses of Atomic Energy Vol. VII, United Nations, New York, 
1956, p. 363. 

18. R. A. Satten, D. Young, and D. M. Gruen, J . Chem. Phys. 33, 1140, I960. 

19. G. H. Dieke and R. Sarup, J. Chem. Phys. 29, 741, 1958. 

20. J. G. Conway, J. Chem. Phys. 31, 1002, 1959. 

21. J. G. Conway, Private communication. 

22. C. K. Jorgensen, Kgl. Danske Videnskab. Selskab, Mat-fyz. Medd. 29, No. 11, 
1955. 




Isotopic Substitution in the Analysis of 
the Infrared Spectra of High Polymers 

S. Krimm 

University of Michigan 
Ann Arbor, Michigan 


One of the important methods for identifying the origin of bands in the 
infrared spectrum of a high polymer, and therefore aiding in their assign¬ 
ment, is isotopic substitution. The most useful of such substitutions is that 
of deuterium for hydrogen, which leads to a lowering of the frequencies of 
all modes that involve the motions of the substituted hydrogen atoms. In 
the past this effect has only been discussed qualitatively. The use of a 
recently proposed approximate isotopic frequency rule, however, now makes 
it possible in many cases to identify the particular normal mode associated 
with a given band from the magnitude of its frequency shift on deutera- 
tion. This can be an important aid in the analysis of a spectrum. The ap¬ 
plications and limitations of this rule, as well as the general problems 
associated with the study of deuterated polymers, will be discussed with 
reference to several polymers, such as polyethylene, polystyrene, and poly¬ 
vinyl chloride. 
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Infrared pectrophotometric Differences 
Between Some Substituted Anilines 
and Their Hydrochlorides 

Sister Miriam Michael Stimson, 0. P. 

Siena Heights College 
Adrian, Michigan 


The ortho- and paraphenylenediamines, aminophonols, and thoir hydro- 
chlondes and para-anisidine and the hydrochlorides of ortho- and 
paraanindine woro studied primarily in the regions 2.7~4p and 5.7-8«t. 

™ mat * rial * W8r * prepared In KBr disks in concontraHons of the order 
of 1-2 • 10 M. Ordinate expansion was used to give full-scale deflection. 
The order of the extent of hydrogen bonding, as determined by the shift 
in the N-H stretching frequencies as well as C-N absorption, is anbidine 

p enylenediamine < aminophenol. The aromatic vibrations are modified 
in the same sequence. 


Orthoaminophenol does not show the O-H stretching frequency nor the 
usual phenolic character in the •*. region for the free base. Both of these 
characteristics reappear on formation of the hydrochloride. 
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The Vibrational Spectrum and Structure 
of Symmetric Tetrabromoethane 
and Its Deuterate Analogs 

E. A. Piotrowski, S. Sundaram, S. 1. Miller, 
and F. F. Cleveland 

Illinois Institute of Technology 
Chicago, Illinois 


Raman and infrared spectral studies have indicated the existence of 
rotational isomerism for substituted ethanes. Tetrabromoethane (CBraH- 
CBruH) is considered to exist in the trans and gauche forms. Therefore, 
the analysis of the Raman and infrared spectra entails the assignment of 
the vibrational frequencies to one or the other form. A partial assignment 
of this type has been made by Kagarise N for CdfsBr^ A more complete 
assignment could be made if knowledge of the vibrational frequencies of 
C 2 D 2 Br 4 were available. In the present investigation the Raman and infrared 
spectra of C 2 H 2 Br 4 and C 2 D 2 Br 4 have been obtained. As the Raman and 
infrared spectra of C 2 H 2 Br 4 obtained in this investigation are essentially the 
same as those reported by Kagarise H, they will not be given here. As for 
C 2 D 2 Br 4 the Raman displacements in cycles per centimeter, relative inten¬ 
sities, and depolarisation factors (A<r(l)p) are: 63(15)0.73; 112(13)0.55; 
146(17)0.70; 175(19)0.68; 217(100)0.11; 434(7)0.77; 520(20)0.03; 

603(6)0.35,659(25)0.43;793(2)0.82;835(1)0.86; 873(3)0.72; 900(16)0.65 
944(0)0.66?; 973(1)0.86; 1065(12)0.21; and 2228(12)0.34. The wave 
numbers in cycles per centimeter for the more prominent bands in the in¬ 
frared spectrum of C 2 D 2 Br 4 are: 430(s); 520(s); 569(m); 592(vs); 611(m); 
656(vs); 833(vs); 900(vs); 976(vs); 1069(s); and 2232(vs). The Raman and 
infrared data for C 2 H 2 Br 4 and C 2 DsBr 4 have been compared to arrive 
at a complete assignment of the observed bands. As a check on the assign¬ 
ments, a normal coordinate treatment using the Wilson FG matrix tech¬ 
nique has been carried out for the trans isomer of each molecule. 


1. R. E. Kagarise, J. Chem. Phys. 24, 300, 1956. 
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Normal Coordinate Treat m ent 
of Biphosphine 

J. S. Ziomek and G. C. Madapallimatam 

De Paul University 
Chicago, Illinois 
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Phosphorescence Spectroscopy as a 
Research Tool in Organic Chemistry 

0. W. Adams 

Armour Research Foundation 
Chicago, Illinois 


Soma of the many interesting and important fields in which phosphore¬ 
scence spectroscopy has been applied in the past or to which it might be 
applied in the future are briefly considered. This discussion is in reality 
concerned not so much with the details of phosphorescence spectroscopy 
itself, as with the chemical species or physical phenomena which can be 
investigated with the acid of this tool. Such a discussion seems pertinent 
at the moment not because this field of spectroscopy is new in concept, 
but because it appears that commercial phosphorescence spectrometers are 
becoming available and, hence, their potential usefulness in various areas 
should be recognized. 
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The Fluorescence of Aromatic 
Nitrogen Heterocyclics 

B. L. Van Duuran 

New York University, Medical Center 
New York 
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The Analysis of Film Surfaces by Abrasion 
with KBr 


W. T. M. Johnson 

E. I. Du Pont de Nemours 4 Co. 
Philadelphia, Pennsylvania 


We have discovered a way to determine the chemical composition of 
the surface of a film. This method allows determination of the upper 50 A 
(estimated) of film surfaces. 

The method involves the light polishing of the film surface with potas¬ 
sium bromide powder. The powder becomes contaminated with surface ma¬ 
terial and, after collection and pressing into a disc, yields the infrared 
spectrum of the film surface. This spectrum gives the chemical composition 
of the surface. 

Our results indicate that surfaces are unique; they differ chemically 
from bulk films. In a film containing a silicone oil, the silicone oil was 
found at the film surface. In polyethylene film containing an amide slip 
agent, the amide was found at the film surface. Neither of these surface 
materials could be detected by infrared analysis of the total films. 

Because many important film properties are surface properties, the 
ability to analyze film surfaces should be of considerable value in under¬ 
standing the behavior of films. 
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Note 

In addition to the foregoing, the Symposium program 
included a paper by T. F. Young (University of Chicago) 
on The Application of Raman Spectroscopy in the Study of 
Solutions of Electrolytes , as well as three papers on Electron 
Paramagnetic Resonance and Nuclear Magnetic Resonance, 
which are abstracted on the following pages. 
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Paramagnetic Resonance and 
P hotomagnetism 

C. A. Hutchison 

University of Chicago 
Chicago, Illinois 


In the media nsim proposed by Lewis for the phosphorescence of organic 
molecules, the luminescence arises from slow emission from the lowest 
triplet state to the ground singlet state. Because the triplet states are 
paramagnetic, photomagnetism is a necessary consequence of this 
ec anuin. e investigation of paramagnetic resonance in organic phos- 
phoro permit, a very detailed study of this photomagnetism. The fine .true 
mZ n lr ’!™ e ! ure ° f P° rt, magn.tic resonance spectra in the» 
‘•'•id.nrification of,he triple, statra, th. determine- 

n “I. h l Ut " buh 1 On J 0f e <Kfr0n ,pin dBn * iH “ i" triplet states, and the 
Burning of detailed structural information on th. orientation of phos- 
pnorescing molecules in host crystals. 
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Chemical and Analytical Applications of 
High-Resolution NMR 

L.Johnson 

Varian Associates 
Palo Alto, California 


An almost unique feature of NMR spectra is the direct proportionality 
between the size of the absorption signals and the number of nuclei pro¬ 
ducing them. As a consequence of this, quantitative information can be ob¬ 
tained directly from an integration of the absorption signals. Several exam¬ 
ples illustrate the use of electronic integration in obtaining quantitative 
information from the spectra of some organic molecules. 

Molecular structure determinations are based on the measurement of 
chemical shifts and spin-spin couplings. Tables of typical spin-spin cou¬ 
plings and of chemical shifts produced by various functional groupings will 
be discussed. Examples of structure determinations will be presented and 
discussed. The general theory of NMR as related to the above topics will in¬ 
troduce the subject matter. 
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Recent Advances in High-Resolution NMR 
Instrumentation 

S. Armstrong 

Varian Associates 
Palo Alto, California 


Varicm Associates has developed a unique method of effectively 
locking the magnetic field H 0 to the rotating magnetic field Hu 

This is don* by using a nominal 5-kc frequency to modulate the modulo- 
Hon colls in th* sample region. The effect of the 5-kc modulation of the 
Ho fields is to introduce a second rotating field that produces sidebands 
5 kc above and below the 60-Mc fundamental frequency. 

Then the H 0 field intensity is adjusted to a value which, according to 
thelarmor equation, will cause the nuclei to process at the upper sideband 
frequency. 

**’• nofn ' na * 5 '*“ sideband frequency appear together 
wth th* 60-Mc fundamental frequency in the control-sample (water) 
excitation/receiver coll. Diode-detected at the receiver output, the 5-kc beat 
frequency between the 60-Mc fundamental and upper sideband is so 
phased that if amplified and applied to the H 0 field modulation coils in the 
probe, it causes oscillation in a control loop comprised of the modulation 
coils, the control sample, the control receiver, and the modulating amplifier. 
The frequency of oscillation automatically adjusts to a value necessary to 
create an upper sideband frequency (60 Me + 5 kc) which satisfies the 
Larmor equation for th* fundamental H„ field value for protons. Thus, if 
either the He field or the frequency of the Hi field drifts, automatic 
correction takes place to reestablish the upper sideband at the precession 
frequency of th* nudei for the mean value of H„ field intensity at the 
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